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Metal-Insulator-Metal (MIM) structures are attractive candidates for high-frequency 
rectification applications such as THz imaging and sensors, and infrared/visible energy 
harvesting (rectenna) devices. This thesis develops materials selection principles to guide the 
choice of material pairs for MIM stacks with desired rectification performance. In particular, a 
first-of-its kind MIM materials space map is developed that correlates materials properties to 
rectification performance for different MIM combinations. The materials space diagram is 
generated based on systematic experimental studies that explore the role of both the metals and 
the insulator in the MIM stack in determining MIM device performance by evaluating the 
current-voltage response of a combinatorial set of MIM materials at low frequencies.  
A novel modified point-contact geometry is developed to rapidly examine a number of 
MIM material combinations. Material properties such as work function (ΦM) of the metals and 
electron affinity (χ) of the insulator, as well as the thermodynamic chemical stability of the 
interface are identified as crucial elements for MIM materials selection. Investigations performed 
to identify the role of metals revealed that it is sufficient to choose the metals such that their ΔΦ 
is > ~ 300 meV to achieve desired rectification characteristics (high asymmetry and 
nonlinearity). Using the Nb/Nb2O5 bilayer as the model system, the asymmetry and the 
nonlinearity were found to be only weakly dependent on ΔΦ above ~ 0.4 eV.  
A hypothesis is developed and tested that guides the insulator selection criteria. The 
proposed hypothesis states that, “to minimize the turn-on voltage and maximize asymmetry and 
nonlinearity, the electron affinity of the insulator should be close to one of the metal work 
function values so as to produce a low barrier height”. Although the study validated the 
hypothesis across the material systems studied, preliminary experiments on two additional high 
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potential MIM systems (Hf/TiO2/Pt and Sm/ZrO2/Pt) unexpectedly yielded much lower 
asymmetry and nonlinearity than predicted by the hypothesis. Thermodynamic and TEM cross-
sectional analysis on these systems (Hf/TiO2 and Sm/ZrO2) revealed a critical observation that 
these interfaces are reactive even at RT and result in an interfacial compound (~ 3 nm thick). It is 
speculated that this reaction layer adversely influences the rectification performance. Thus it is 
proposed that in addition to choosing the materials based on their work function and electron 
affinity it is important to consider the thermodynamic stability of these interfaces as well.  
Band-offsets (electronic barrier height) at metal/insulator interfaces are measured via x-
ray photoelectron spectroscopy (XPS). Band-diagrams constructed using the band-offset values 
agree well with their I-V response, verifying the proposed material design criteria. Measured 
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CHAPTER 1 
INTRODUCTION 
 This chapter provides the background on concepts associated with rectennas, and more 
specifically on the metal-insulator-metal (MIM) devices that are of the focus of this dissertation. 
The different MIM architectures that are commonly studied and the state-of-the art in knowledge 
about MIM diodes are also reviewed in detail. Finally the chapter describes the specific research 
strategy and aims of this dissertation.  
 
1.1 Rectennas 
 A rectenna, or a rectifying antenna, is a device that captures electromagnetic (EM) 
radiation and converts it to electrical power by utilizing the wave nature of the radiation. A 
schematic representation of a rectenna is given in Figure 1.1. The two of the major components 
in a rectenna are an antenna and a rectifier. The EM field of the wave accelerates the charges in 
the antenna, generating an AC signal with frequency corresponding to the EM radiation. The 
rectifier converts the AC signal to DC power. In 1964, Brown [1] of Raytheon company first 
showed the use of a rectenna by powering a helicopter wirelessly using microwave radiation as 
the source (Figure 1.2). The rectenna element onboard the helicopter converted the microwave 
radiation (frequency) to DC power. The helicopter flew 50 ft above the ground using the 
converted DC power. Over a period of more than 12 years of research, Brown improved the 
efficiency of the rectenna element from approximately 55 to 91%. The improvement in the 
rectenna efficiency was attributed to the improvements in the efficiency of the rectifier 
component. [1] In other words, the rectifier component was a very significant limiting parameter 
in the overall system conversion efficiency.  
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Figure 1.1: Schematic cartoon of antenna based sunlight absorption and rectification- the 
concept of rectenna. In this thesis, metal-insulator-metal diodes are studied as potential candidate 
for the high-frequency rectifier in a rectenna. Schematic adopted from Corkish et al. [2] 
 
Prof. Bailey of University of Florida was the first to describe the process of using a 
rectenna to harvest sunlight in 1972. [3] Importantly, Bailey showed that rectenna-based solar 
photo-conversion would not face the same fundamental band-gap limitation that constrains the 
maximum theoretical efficiency of a traditional solar cell. In spite of this enormous opportunity, 
however, very few researchers have pursued the development of rectennas to harvest sunlight 
due to the immense technological difficulties. [4] Most work in this area has focused on the 
development of optical antennas. Recently Bharadwaj and co-workers summarized the 
developmental work in optical antennas spanning over 5 decades of research. [5] Different 
antenna geometries such as spiral, dipole, and bowtie have been fabricated by lithographic 
techniques by different research groups who have reported successful absorption of THz 
frequency radiation. [5] In addition nano-metallic structures [6] and carbon nanotubes [5] have 
been deployed as parallel array antennas and have been found to absorb THz frequency radiation. 
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In this context, it is also important to highlight several research groups’ efforts on developing 
rectennas to detect infrared radiation for use as infrared detectors. [7-10] 
 
 
Figure 1.2: Schematic cartoon of rectenna (microwave) powered model helicopter demonstrated 
by Brown. [1] Schematic modified from [1]. 
 
The principle facts that distill out of a comprehensive literature search on rectenna 
devices are: (i) Very few studies have been conducted on rectennas to harvest sunlight. In most 
of the reported work, the focus has been on the optical antenna; (ii) Invariably all the research 
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1.2 Metal-insulator-metal diodes 
 As the name suggests, metal-insulator-metal (MIM) diode is a sandwich structure in 
which an insulator layer is sandwiched between two metals. MIM structures are actively 
investigated for diverse applications ranging from infrared detection and imaging [11-14] to 
display technologies. [15] MIMs are especially studied and used as high-frequency rectifiers for 
applications such as frequency mixers, [16] infrared detectors, thermal imaging and (potentially) 
solar energy harvesting. [2-4,17] MIM structures are also used as capacitors [18] for energy-
storage, switching [19] and display technologies. They are also employed as sensors for oxygen 
[20] and other chemical reactions.  
In this thesis work, MIM structures are investigated towards realizing optical frequency 
(sun light) rectification.  
So far, MIM structures with point-contact architectures are shown to rectify frequencies 
as high as 150 THz. [21] MIM structures are amenable to high-frequency rectification owing to 
the quantum-based ultra-fast electron transport mechanism inherent in these devices. A suitably 
designed MIM structure with an ultra-thin insulator layer of thickness of less than 5 nm can 
transport electrons via quantum mechanical tunneling. The time scale for the tunneling process is 
in the femto second range, which matches with the time scale of THz radiation.  
Going beyond 150 THz into the visible spectrum is a formidable task for both the antenna 
and the rectifier components. [3] It is well known that one of the major factors limiting the use of 
MIM structures for higher frequency rectification is the large parasitic capacitance and the 
associated RC time constant, which significantly limits the highest operating frequency. [22] The 
maximum operating cut-off frequency is inversely proportional to the device capacitance as 
expressed by the following relation [13]:  
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𝑓! =   
!
!!!!!!
                (1.1) 
where 𝑓!  is the maximum operating frequency, 𝑅!  is the diode resistance and  
the diode capacitance  𝐶!   is given by, 
𝐶! =   
!!!!!
!
             (1.2) 
where  𝜀! and  𝜀! are free space and relative permittivity of vacuum and the materials,  
respectively, A is the device area,  and s is the thickness of the dielectric layer.  
 
 
Figure 1.3: Equivalent circuit diagram of a rectenna. Zantenna and Zwaveguide represent the 
impedance associated with the antenna and the waveguide circuit in the rectenna. The diode 
component is represented as a parallel circuit of parasitic capacitance (Cp) and a diode element in 
series with an inductor element. Rload represents the resistance associated with the load.  
 
Figure 1.3 shows the equivalent circuit diagram of a rectenna element. A parasitic 
capacitance in parallel with the diode element is highlighted in Figure 1.3. Reducing the diode 
area reduces this parasitic capacitance. Figure 1.4 shows the maximum allowable diode area as a 
function of the frequency of the signal that has to be rectified. The maximum allowable diode 
area is calculated by combining Equations 1.1 and 1.2 as shown below: 
𝐴 =    !
!!!!!!!!!!
               (1.3) 












Equivalent	  Circuit	  Diagram	  of	  a	  Rectenna 
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𝑠 =   5  𝑛𝑚, 𝑅! =   377  Ω and  𝜀! = 42 (Nb2O5) 
As shown in Figure 1.4, for rectifying optical frequencies, a nano-geometry diode area 
(e.g. ~ 4 nm2 for 450 THz frequencies) is required. In addition, depositing a high-quality ultra-
thin insulator layer to achieve quantum mechanical tunneling adds considerable challenge to the 
already stringent nano-sized device area requirement.  
 
 
Figure 1.4: Log-log plot of diode area in nm2 versus frequency in Hz ranging from microwave 
to visible spectrum part of the electromagnetic radiation. Device area is calculated from Equation 
1.3. The following values are used to calculate the device area: s =5 nm; Ra = 377 Ω; εr = 42 (for 
Nb2O5).  
 
1.2.1 Physics of MIM diodes 
 As the three materials come in contact, due to thermal equilibrium, their Fermi-levels 
must align to the same energy level (Figure 1. 5). The instantaneous transfer of electrons from 
the low work function (metal 1 in Figure 1.5) to the deep work function metal (metal 2) via the 
empty conduction band of the insulator layer or via tunneling accomplishes this Fermi-level 
alignment. Work function (Ψ) is defined as the energy level separation from the highest occupied 
Fermi-energy level to vacuum level. As a result of their Fermi-level alignment, potential barriers 
Microwave Infrared Visible 
light 
3371 nm x 
3371 nm 
337 nm x 337 nm 
4 nm x 4 nm 
3 nm x 3 nm 
75 nm x 75 nm 
34 nm x 34 nm 
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(ϕ1 and ϕ2) develop at both metal/insulator interfaces. As per the electron affinity rule, the 
heights of these barriers are defined by the work function of the metal (M1 or M2) and the 
conduction band minima position of the insulator layer. Electron affinity (χ) defines the energy 
separation between conduction band minima and the vacuum level in an insulator or 
semiconductor system. If the two metals comprising MIM structure have different work function 
values (Figure 1.5), then upon contact they will give rise to a trapezoidal barrier shape. [23] 
The working principle of the MIM diode can then be explained via the trapezoidal barrier 
model (Figure 1. 6). Biasing is defined as “reverse-bias” if metal 1 is negatively biased 
relatively to metal 2 and “forward-bias” if metal 2 is negatively biased. On reverse-bias, the 
electron from filled higher energy level states in metal 1 have to transverse the entire thickness of 
the insulator layer “s” before finding an empty lower energy level states in metal 2. On the other 
hand, on forward bias, the electrons from metal 2 have to tunnel a shorter distance than “s” to 
metal 1, because of the convenient band- bending achieved as shown in Figure 1.6.  
 
Figure 1.5: Schematic cartoon representing the energy band diagram of metal 1, insulator and 
metal 2 components before and after contact at zero-bias showing the evolution of a trapezoidal 
barrier potential. Here metal 1 has lower work function while metal 2 has a higher work function 




























































Figure 1.6: Schematic representation of working principle of MIM diodes at zero, reverse and 
forward bias. The symbols used in the representation are defined in the inset. The red arrow 
indicates the direction of electron transport. 
 
1.2.2 Electron transport mechanisms in MIM structures:  
Numerous theoretical studies have been carried out to determine the electron transport 
and conduction mechanisms in MIM structures. The various conduction mechanisms identified 
include: [24,25] 
(i) Thermionic or Schottky emission: Injection of electrons into the conduction band of 
the insulator by overcoming the interface barrier assisted by thermal activation and the 
electric field. 
(ii) Quantum mechanical tunneling: Direct transfer of electrons from the metal electrode 
through the forbidden energy gap of the insulator (provided the insulator is very thin) to 
the other electrode. 
Physics of MIM Devices – Trapezoidal Barrier Model!
Φ= Ψmetal - χinsulator 
Φ is the barrier height; Ψ is the work function of metals; χ is the electron affinity  !
Barrier&Parameters:&Φ1, Φ2, S (insulator thickness) !
Effective tunneling distance is reduced under forward bias!
Work function, electron affinity, thickness controls the effective tunneling distance !
Zero-Bias! Reverse-Bias! Forward-Bias!
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(iii) Conduction via hopping among traps in the insulator: If there are a significant 
number of traps in the insulator (particularly in thin films) then conduction can happen by 
hopping between trap sites.  
(iv) Space-charge limited transport: Occurs particularly in situations where the number 
of traps is small and the contacts are ohmic. A contact is called ohmic if the Fermi level 
of the contact metal is close to the conduction band of the insulator so that an unlimited 
supply of electrons is available for conduction. 
(v) Hot-electron transport: If the potential drop between metal 1 and metal 2 (i.e., the 
electric field set in the insulator which drives the electrons) is greater than the work 
function of metal 2 and if metal 2 is thin (thickness of metal 2 is less than or equal to the 
mean free path) then electrons can tunnel through metal 2 and reach vacuum or any 
collector suitably placed. 
Mathematical equations describing the resulting current density versus voltage behavior 
were derived for each of these mechanisms and fitted against experimentally observed J-V 
curves to understand the relevant conduction mechanisms for various MIM devices. Simmons, 
probably one of the most cited authors in MIM research, derived tunneling equations for MIMs 
with similar and dissimilar metals using Wentzel-Kramers-Brillouin (WKB) approximations. 
[24] The WKB approximation is a useful tool to solve the one-dimensional time-independent 
Schrödinger equation. Using this platform, Simmons provided several key insights: 
(i) The difference in work function of the two metals in MIM creates an intrinsic field in 
the insulator, which is responsible for the asymmetry. 
(ii) A mathematical equation for tunneling between dissimilar electrodes was derived 
assuming a trapezoidal barrier. 
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(iii) The thickness of the insulator should be less than 5 nm for tunneling to be the 
dominant conduction mechanism. 
Simmons also highlighted that due to the very high field that exists in a MIM with a thin 
insulator, multiple conduction mechanisms could exist simultaneously. [24] Hence identifying 
the conduction mechanism in a MIM tunnel junction could be very cumbersome. Generally the 
fit parameters include two barrier heights and the effective thickness of the insulator. The 
presence of traps or image forces (that arise due to polarization of charges at the interfaces) could 
significantly change the barrier shape and add complexity to the fit. 
Another widely employed model is the BDR model developed by Brinkman, Dynes and 
Rowell. [26] The BDR model is a trapezoidal barrier model (like Simmon’s model) but instead 
of solving the transmission probability (P(Ex)) analytically as Simmons did, the BDR solution 
was obtained by numerically. The resulting tunneling current versus voltage behavior was 
calculated by under two approximations: a first solution involving the WKB approximation and a 
second solution considering sharp edges at the interface. They calculated the conductance 
(dI/dV) by directly differentiating the resulting current with respect to the voltage finding that the 
conductance versus voltage (dI/dV vs V) plot is parabolic (for both approximations) and could be 
considered as a criteria to check if tunneling is the relevant electron transport mechanism. This 
criteria has found to be valid only in the voltage range of ≤ 0.4 V. They had also reported that 
adding image forces did not significantly alter the shape of dI/dV vs V plot. Nevertheless, the 
trio acknowledged the fact that verifying and observing tunneling phenomena in MIM systems is 
non-trivial and still poorly understood. [26] 
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1.3 Review of MIM research and the current state-of-the art knowledge  
The major interest in MIMs historically was to employ them for frequency mixing or 
measurement and detection of signals in the infrared regime, which is 3 orders of magnitude less 
in frequency than sunlight or visible light. Two different MIM geometries have been employed: 
(i) the point-contact configuration, and (ii) the planar thin film configuration. In a typical point-
contact configuration, the contact of a sharpened whisker tungsten wire against a metal post (Ag, 
Ni, Al, steel) with its native oxide makes the MIM structure. [27-29] The thin tungsten wire in 
addition to being part of the MIM structure, also serves as the antenna by absorbing the radiation. 
Thin-film planar-type MIM structures were fabricated by thin-film depositions of metal and 
metal oxide by sputtering techniques. The second metal is either evaporated or sputtered on top 
of the metal oxide together with the contact pads. Later, photo or electron lithography techniques 
were used to achieve smaller diode areas. The most common thin-film MIM structures studied 
were: (i) Al-Al2O3-Al (or Au, Sn, Ni, Pb), [30,31] (ii) Ni-NiO-Ni (or Au, Al, Cr), [32,33] and 
(iii) Ta-Ta2O5-Au. [27] The most common attribute shared by all of these previous MIM 
research activities is that they were all highly applied research efforts.  
MIM Structures for Rectenna: As stated before, all the above-mentioned MIM research efforts 
were geared towards applying MIM technologies to rectify signals up to infrared frequencies, at 
least 3 orders of magnitude less than sunlight. Very few efforts have been made to develop MIM 
diodes for visible light rectification. The first documented work on MIM diodes that was 
proposed to rectify sunlight was by Mark in 1988. [34] Mark named these diodes “femto diodes”.  
His invention was based on manipulating the workfunction values of metal 1 and metal 2 using 
adsorbates and operating the diodes in the quantum regime. For example adsorbing Na on a Ni 
metal surface was claimed to reduce the work function of Ni by 3 eV. [34] The projected diode 
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area was around 50 X 50 nm2.  
The next important work was from ITN Energy Systems Inc., Littleton, Colorado. [4] As 
a subcontract for NREL, ITN developed Nb/NbOX and Cr/CrOX based MIM tunnel junctions 
(planar geometry) for solar energy harvesting. A single rectenna element was fabricated and 
tested under dark and light conditions. A 30 THz CO2 laser was used to test the efficiency of the 
rectenna under infrared light. Although the non-linearity and turn-on voltage values were 
satisfactory, the overall efficiency of the device was unfortunately very low (~1%). In addition, 
the diode characteristics were symmetric and possessed high impedance values (~1kΩ). The 
attributed reasons for this low efficiency were: (i) the poor coupling of free space radiation by 
the antenna (ii) impedance mismatch at the antenna-diode interface. The impedance of the 
antenna was calculated to be around 100 Ω whereas that of the diode was ~1kΩ. Thus it was 
believed that only ~ 0.1 to 1% of the antenna energy coupled to the diode. [4] The work strongly 
suggested the need for better control of barrier parameters like barrier thickness and height, 
which have a strong effect on diode impedance. Such control highlights the need for improved 
understanding of the role of interfaces and material properties on MIM behavior. 
Blake Elaisson [17] in his thesis work developed and patented the concept of MIIM 
structures with two insulators sandwiched between two metals. As a result of his PhD thesis 
work, a startup company named Phiar Corporation (now defunct) was formed that fabricated 
MIIM diodes for commercial applications. Recently Sachit Grover modeled device requirements 
of a MIM structure for optical rectification and highlighted the importance to achieve a low RC 
time constant. [22] 
There are many fundamental scientific questions that remain to be explored before the 
solar rectenna concept can mature into a commercially viable technology. Among them are the 
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following materials-related questions:  
(a) What materials properties most influence rectification performance in MIM structures 
and why?  
(b) Can materials design rules be developed to guide materials selection based on the 
required performance?  
A survey of distinct MIM material combinations reported in the literature clearly elicits 
the need for much more understanding on the influence of materials properties on device 
performance. The principle facts that distill out of a comprehensive literature search on solar 
rectenna devices are: 
(i) Most of the research works invariably highlights the enormous challenge and 
significance of fabricating an ultra-fast rectifier. 
(ii) Despite the considerable volume of MIM research to date, a viable technology still 
does not exist to successfully and reproducibly fabricate MIM diode structures that can be 
integrated into a visible-light rectenna.  
(iii) The lack of fabrication technology has been cited as the chief reason for the lack of 
progress in solar rectification by many researchers.  
Lack of material design principles: While these widely reported fabrication challenges have been 
cited as the most significant roadblock to successful rectification at ultra-high frequencies, the 
materials challenges, although often overlooked, are equally as daunting. In particular, our 
insufficient current understanding of the influence of MIM materials properties on rectification 
behavior and performance is a central impediment to rectenna progress.  
The focus of this thesis work is to establish physical models that correlate material 
properties to diode performance. Here we define material properties to include the work function 
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of the metals, surface/interface conditions at the metal/insulator junctions, insulator layer 
parameters like electron affinity, band gap, dielectric constant, defects, etc.  Although such a 
systematic approach seems to be a very logical step, to our knowledge, no previous research 
studies have attempted to systematically understand and establish these materials property-diode 
(MIM) performance correlations. 
To understand materials property-diode performance relationships, a large number of 
MIM diode configurations with different materials and/or interfacial parameters must be 
fabricated and tested. Hence it is very important to have a facile and reliable technique to 
facilitate high-throughput materials screening studies. Point-contact MIM architectures, 
discussed in the next section, are perhaps the most viable option for such high-throughput 
materials screening studies. 
 
1.4 Point-contact MIM diodes 
 Historically, the introduction of point-contact MIM structures for rectification dates back 
to early 1950s, where they were used as microwave rectifiers. The point-contact MIM 
architecture constituted the first approach for making MIM diodes for infrared rectification 
applications. [35] Point-contact MIM rectifiers have been shown to operate at frequencies as 
high as 150 THz. [21] In the early days, point-contact MIM devices were fabricated using 
tungsten whiskers (originally 2 µm diameter) that were electrochemically thinned to the range of 
tens of nm. [27] A complete rectenna device could be made by contacting one of these thinned 
W whisker on to a Ni (or Ag, Steel) post which had an ultra-thin native oxide or adsorbed 
molecular layer acting as an insulator. The W whisker served as a travelling antenna and the 
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electric field from the incident radiation was concentrated at the point of contact with the metal 
post, enabling rectification. [35] 
   Prof. Ali Javan, a professor at MIT and his coworkers were among the earliest groups to 
adopt point-contact MIM architectures for frequency mixing of near-far infrared radiation (30 
THz). [35] In the mid 1970’s, Prof. Schwarz of the University of California, Berkeley and his 
group reported the first experiments quantifying the performance of the whisker-type 
rectification architecture with infrared radiation. [36] The optical voltage supplied by the 
whisker-type antenna was estimated to be 124 mV. From measurements done with similar 
structures at both DC and high frequencies, they found that the estimation of rectification 
performance provided by DC measurement was in good agreement with the actual high-
frequency measurement done at 30 THz. [36] These results were crucial, as they demonstrated 
that whisker-type architectures could absorb and rectify radiation frequencies as high as 30 THz.  
Around the same period, in 1974, reports from Prof. Javan’s research group [32] and Prof. 
Gustafson’s group [37,38] reported on the use of lithographic techniques to fabricate thin-film 
based MIM diodes. These Al-AlOx-Al and Ni-NiOx-Ni based MIM systems were shown to 
respond to THz radiation and towards optical frequencies. Although electron tunneling across the 
junction was well established as the rectification mechanism for infrared frequencies, the 
rectification mechanism for visible frequencies was not clearly understood at that time and it 
remained elusive for the scientific community.  
Later, Weisendanger et al., of Zurich gave a direct comparison between thin-film MIM 
diodes with their counterpart point-contact structures and showed that the thin-film based devices 
exhibited superior reproducibility over time. [7] However, he also reported that the thin-film 
	   16	  
devices fell short of their point-contact counterparts in terms of best rectification performance 
and maximum rectification frequency.  
After 1974, the majority of the work on MIM rectifiers focused on thin-film based 
architectures. The major reasons for the bias towards planar- type geometries included: (i) poor 
reproducibility of performance in point-contact MIM diodes, leading to limited suitability in 
practical devices (ii) the emergence of and access to techniques such as electron beam 
lithography [10] and nano-imprint technologies to fabricate planar type geometries with areas 
small enough to meet the need for infrared frequencies.  
 In this thesis work, the advantage of point-contact MIM architectures for the fabrication 
and high-throughput screening of MIM materials is highlighted. Several modifications are made 
in this thesis work to adopt point-contact MIM architectures for reliable high-throughput 
materials screening studies as detailed in the next section (1.5.1). 
 
1.5 My PhD thesis strategy and approach 
 One of the significant novelties in this thesis work is its attempt to address the knowledge 
gap that exists in the MIM community on materials selection guideline for the MIM structures. 
To tackle this challenge, a facile modified point-contact based MIM architecture is developed to 
facilitate systematic investigation on influence of MIM material properties on rectification 
performance. The following sections address in detail the new strategy and approach undertaken 
in this thesis work. 
1.5.1 Development of a facile MIM architecture for high-throughput materials screening 
Although point-contact architectures face a number of issues, such as mechanical stability 
and reproducibility, it is worth revisiting this architecture in the context of recent developments 
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in nano-fabrication of one-dimensional structures like nano-wires and nano-tubes. [5] Combined 
with the enhanced control in depositing ultra-thin insulating layers via atomic layer deposition 
and other physical vapor deposition techniques, it is now possible to make significant inroads 
towards the fabrication of stable and reproducible point-contact based MIM devices. A careful 
look at most previous point-contact approaches over the years reveals that there are two avenues 
where significant improvements can be made: 
(i) Past configurations typically used the unreliable native oxide layer as the insulator.  
(ii) Past configurations generally employed a differential screw to approach the sharp tip 
against the metal post, providing only marginal control on the penetration of the tip into 
the insulator layer.  
Highlighted here are two modified configurations to fabricate point-contact structures that 
overcome the issues above. The first modified point-contact structure perfected in this thesis 
work is the bent-wire point-contact approach. In this approach, the metal2 (M2) component is a 
bent-wire (254 µm in diameter) with a well-defined curvature, which contacts the M1/I bilayer to 
complete the MIM structure. The bent-wire is contacted with the bilayer via a differential 
micrometer. A schematic of the custom built set-up is shown in Chapter 2 (Figure 2.1).  
The second modified point-contact configuration pioneered for the first-time in this thesis 
involves an instrumented nano-indentation methodology. A conductive boron-doped diamond 
nanoindenter tip (M2) replaces the bent-wire in this configuration, the contact of which to the 
bilayer (M1/I) is facilitated with sub-nm precision via a capacitance-based transducer in a 
nanoindenter test station. Unprecedented reproducibility and repeatability is achieved in 
characterizing these MIM devices with well-defined device area across different measurements.  
In addition, the results indicate a possibility for electromechanical tuning of diode performance, 
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opening up a wider range of further detailed studies. Appendix A presents crucial results 
obtained from this nanoindentation-based approach.  
Although these modified configurations are harnessed in this work for fundamental 
materials screening studies, the potential to harness point-contact configurations in futuristic 
designs for the fabrication of practical MIM devices is also substantial. 
1.5.2 Correlation between material properties and device performance in MIM structures 
As stated in earlier sections, the main focus of my PhD thesis is to understand and 
develop a set of physical material design guidelines to achieve desired rectification performance 
in MIM rectifiers. I achieve this goal by employing systematic studies on a range of different 
MIM material combinations to understand the role of material properties on rectification 
performance.  
The systematic studies presented in this thesis analyze the role of metal work function 
difference and also investigate the role of the insulator layer and its materials properties 
influence on rectification performance as given below: 
Role of metal workfunction difference on diode performance: One advantage of the point-
contact configuration is the ability to easily change one of the metals. This can be applied toward 
our goal of relating material properties to diode performance by focusing on the role of 
workfunction difference of the two metals on the diode properties. In most of the published 
literatures, it is assumed a priori that the nonlinearity and asymmetry of the diode increases with 
increasing difference of the workfunction values between the two metals.  In spite of this 
assumption, however, only a restricted set of metal combinations such as Al-Al, Al-Sn, Al-Ni, 
Al-Au, Ni-Ni, Ni-Au, Nb-Nb, Nb-Au, Nb-Ag have been used in MIM structures. The 
workfunction difference for all of these metal combinations is less than 1 eV at the most. A 
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systematic study involving different metal 1 / metal 2 combinations as a function of different 
workfunction values should give much needed insight into the true role that workfunction plays 
in an MIM device. Our use of a point-contact configuration greatly facilitates this study, since a 
single Nb/NbOX substrate can be used repeatedly while different metal wires can quickly be 
tested as metal 2. A list of potential metal 2 candidates to pair with Nb (metal 1) is given in 
Table 1.1.  
Table 1.1: List of workfunction of metal 1 and metal 2 and their difference. Listed values are 
from Michaelson et al. [39] 
 
Work function of metal 
1 (ψ1), eV 
Work function of metal 2 
(ψ2), eV 
∆ψ= ψ1- ψ2 
 eV 
Pt (5.65)  Nb (4.3) 1.35 
Au (5.1) Nb (4.3) 0.8 
Cu (4.65) Nb (4.3) 0.35 
Cr (4.5) Nb (4.3) 0.2 
Ag (4.26) Nb (4.3) -0.04 
 
Probe the role of metal/insulator interface via band engineering: The importance of the 
insulator is often overlooked in MIM research studies. Except for thickness data, most previous 
literature studies have ignored the influence of insulator interfacial parameters. As a first step 
towards analyzing the role of the insulator layer, a variety of different insulators such as Nb2O5, 
Al2O3, NiO, TiO2, and HfO2 are deposited and tested for I-V response.  
It is believed that by using different insulator layers, a situation similar to band 
engineering i.e., manipulating interfaces with different contact or barrier characteristics could be 
developed. Figure 1.7 conceptually illustrates the proposed idea band engineering by adopting 
the trapezoidal barrier model (see Figure 1.5 and 1.6 for more information on the trapezoidal 
barrier model). Figure 1.7 shows the band diagram of a reference system and three scenarios. 
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Parameters that can be engineered are marked in the band diagram of the reference system. All 
illustrated three scenarios involve manipulating these parameters with an aim to achieve desired 
figure of merits, namely low turn-on voltage, high asymmetry, nonlinearity and sensitivity.  The 
three scenarios shown in Figure 1.7 are explained below: 
Scenario 1:Tuning Insulator Thickness Scenario 1 (Figure 1.7) involves manipulating the 
thickness of the insulator layer. It is well known that decreasing the insulator thickness decreases 
the tunneling distance and hence increases the tunneling probability. Of course here the 
assumption is that the conduction mechanism in the device is tunneling. As per the tunneling 
theory, decreasing the insulator thickness is expected to increase the current density and decrease 
the turn- on voltage particularly when the insulator thickness is within the tunneling regime. 
Upon a chosen reference MIM system, different devices made of varying insulator thickness 
values will be fabricated and tested for their current density and turn-on voltage characteristics. 
Scenario 2:Tuning Barrier Height Φ1 Scenario 2 (Figure 1.7) involves manipulating the barrier 
height (Φ1) at the metal 1 and insulator interface. It is proposed that if the trapezoidal barrier 
model holds good to describe the MIM system, then decreasing the barrier height should 
decrease the turn-on voltage. To test this hypothesis, MIM devices with different values of Φ1 
can be fabricated by depositing the same insulator on top of different metal 1 candidate, with the 
minimum value of Φ1 approaching zero. For example, Al2O3 or TiO2 can be deposited in a 
controlled manner with well-defined thickness via atomic layer deposition. The possible metal 2 
combinations for the Al2O3 and TiO2 insulator layers to facilitate this systematic study are given 
in Table 1.2 and 1.3, respectively. 
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Figure 1. 7: Illustration of proposed ideas of band engineering. Trapezoidal model is used to 
draw the band diagrams. Refer figures 1.5 and 1.6 for more details on trapezoidal barrier model. 
The dotted lines indicate the band position of the reference system. Reference system is the 
model system or a base to compare with. Four different parameters are identified in the reference 
system namely: Δψ, the difference in workfunction values between metals 1 and 2; the barrier 
heights namely Φ1 and Φ2 at metal 1/insulator and metal 2/insulator interfaces, respectively; d 
the dielectric thickness.  
 
For the same thickness value of the insulator, changes to the barrier height value due to changes 
in the workfunction of the metal also causes a modification of the effective tunneling distance. In 
Figure 1.7 (Scenario 2) by choosing a metal 1 with a workfunction value close to the electron 
affinity of the insulator (Φ1~ 0), the effective tunneling distance can be reduced compared to the 
reference system (band diagram shown as dotted line in Figure. 1.7, scenario 2) of finite barrier 
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Scenario 3:Tuning Barrier Height Φ2 Scenario 3 involves manipulating the barrier height (Φ2) 
at the metal 2 and insulator interface. In our current setup, metal 2 is always in the form of sharp 
metal wire. Thus by contacting different metal wires on a same metal 1/insulator substrate, the 
barrier height Φ2 can be varied. This task is similar to the task described in scenario 2. However, 
for this task a wider selection of metal 1/insulator combination can be used. It is proposed that 
asymmetry is one of the parameters that can be engineered by changing the value of Φ2. Scenario 
2 and 3 are not necessarily independent from each other. 
 
Table 1.2: List of metal 1 candidates to fabricate different metal 1/Al2O3 substrate.  Listed work 
function values are from Michaelson et al. [39] The electron affinity (χ) value of Al2O3 is 1eV. 








Table 1.3: List of metal 1 candidates to fabricate different metal 1/TiO2 substrate.  The electron 




Metal 1 candidates Work function of metal 
1 (ψ1) in eV 
Φ1= ψ1-χ in eV 
Sm 2.7 1.7 
Y 3.1 2.1 
Nb 4.3 3.3 
Cr 4.5 3.5 
Co 5.0 4.0 
Ni 5.15 4.15 
Metal 1 candidates Work function of metal 
1 (ψ1) in eV 
Φ1= ψ1-χ in eV 
Ni 5.15 1.25 
Co 5.0 1.1 
Cu 4.65 0.75 
Cr 4.5 0.6 
Nb 4.3 0.4 
Hf 3.9 0 
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It is envisioned that by careful execution of the above three scenarios, a good 
understanding of the influence of various material parameters on the diode performance will be 
achieved. 
 
1.6 Theory driven hypothesis 
As stated in section 1.2.2, Simmons [24] derived the tunneling current equation assuming 
a trapezoidal barrier model and WKB approximation as given in Equation 1.5 to 1.6.  
 
    Equation 1.5 
where, 
      Equation 1.6 
 
Substituting the constant values in I0 and A, 
   Equation 1.7 
where,  
I is the tunneling current, e is charge of an electron, h is planck’s constant, β is the barrier shape 
constant, ΔS is the effective tunneling distance expressed in Å, m is mass of an electron, ϕ is the 
mean barrier height expressed in eV, V is the bias voltage in Volts.  
Using Equation 1.7, tunneling current is plotted versus voltage representing scenarios 1 to 
3 to visualize the effect on their I-V response and hence their rectification performance. In all the 
scenarios, material parameters for the model MIM system, Nb/Nb2O5/Pt, are assumed. The work 
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Hence the barrier height at Nb/Nb2O5 is calculated as ϕ1 (Nb/Nb2O5) = 0.41 eV and ϕ2 
(Nb2O5/Pt) = 1.76 eV. The voltage range is fixed as ± 0.5 V. To clearly discern their effect on 
rectification performance, the current magnitudes are normalized arbitrarily, so as to represent 
the different conditions in a uniform current scale.  
In scenario-1 (Figure 1.8), ϕ1 is fixed at 0.41 eV and ϕ2 as 1.76 eV corresponding to the 
Nb/Nb2O5/Pt MIM system. Insulator thickness “s” is the variable parameter and varied from 10 
to 50 Å. As expected from Equation 1.7, the tunneling current increases exponentially for a given 
voltage value as the insulator thickness “s” decreases. But as the thickness increases, the 
asymmetry of the device increases as seen in Figure 1.8. 
In scenario-2 (Figure 1.9), ϕ2 and s are fixed at 1.76 eV and 40 Å. ϕ1 is the variable 
parameter and is varied from 0 to 4 eV. This particular scenario can reveal the importance of 
work function difference between the two metal components in an MIM system. There is a 
marked increase in the device asymmetry at ϕ1 = 0 eV. This particular situation can be achieved 
by choosing one of the metal and the insulator layer such that the work function of the metal 
equals the insulator’s electron affinity. For example, the work function of hafnium is 3.9 eV, [39] 
which matches the electron affinity value of TiO2 (3.9 eV). [41] Thus, the barrier height of the 
Hf/TiO2 system should be close to zero. This suggests that one of the crucial criteria for material 
selection is to achieve low barrier height (~ 0 eV) in one of the interfaces.  
In scenario-3 (Figure 1.10), the optimized values are chosen from scenario-1 and 2. ϕ1 is 
chosen to be 0 eV while “s” is fixed at 40 Å. ϕ2 is varied between 1 to 5 eV. From Figure 1.10, it 
can be observed that the non-linearity of the I-V response increases with the increase in the value 
of ϕ2.  
Hypothesis: Thus, by analyzing Simmons equation, the following can be hypothesized: 
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(a) To achieve improved asymmetry and non-linearity, it is pertinent to obtain a low 
barrier height at one of the interfaces. A low barrier height can be achieved by selecting metal 
with a work function value similar to insulator’s electron affinity. 
 
Figure 1.8: Semi-log plot of tunneling current versus bias voltage as a function of insulator 
thickness (s) ranging from 10 to 50 Å representing scenario 1 strategy. A schematic 
representation of scenario 1 is shown in the left. Tunneling current calculated from Simmons 
model given in Equation 1.7. Values used in the calculation are given in the inset in the graph. 
 
(b) An optimized thickness value should be arrived for individual MIM systems and in 
the case of Nb/Nb2O5/Pt MIM system, the optimized thickness value is 40 Å. 
 (c) The barrier height value at the other interface is preferred to be as high as possible. In 
other words, the metal pairs (M1 and M2) should be chosen so as to have high work function 
difference. For example, Sm with a work function value of 2.8 eV [42] and Pt with a value of 




Scenario 1 thickness 
Band Engineering: Scenario 1 
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Based on these hypothesis and surveying practically feasible material choices, the 
following combinations can be identified as high potential MIM pairs: 




















Figure 1.9: Semi-log plot of tunneling current versus bias voltage as a function of barrier height 
(ϕ1) ranging from 0 to 4 eV representing scenario 2 strategy. A schematic representation of 
scenario 2 is shown in the left. Tunneling current calculated from Simmons equation given in 




1.7 Research objectives 
 
Objectives of my PhD thesis work are: 
- To investigate and develop materials design criteria to help choose appropriate materials 





Scenario 2 Φ1 -> zero 
Band Engineering: Scenario 2 
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- To able to correlate MIM material properties to rectification performance that would help 
understand the working mechanism of MIM structures. 
- To develop a materials space diagram that “maps” new prospective MIM combinations 
together with existing MIM materials combinations and that can serve as a base reference 
database to help choose materials for various high-frequency applications. 
















Figure 1.10: Semi-log plot of tunneling current versus bias voltage as a function of barrier 
height (ϕ2) ranging from 1 to 5 eV representing scenario 3 strategy. A schematic representation 
of scenario 2 is shown in the left. Tunneling current calculated from Simmons equation given in 




1.8 Research tasks 
 
-­‐ Investigate the influence of material properties such as metal work function (Chapter 2) 




Scenario 3 tuning Φ2  
Band Engineering: Scenario 3 
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studying their current-voltage response (I-V) at low frequency. Studying I-V response at 
low frequency simplifies our experimental design study and improves measurement 
feasibility. In an important previous study, it was discovered and reported that device 
performance and characteristics at low frequency (DC) were verified to hold good up to 
30 THz. [36] Beyond 30 THz, it is still not known clearly if DC performance will 
continue to reasonably represent high-frequency behavior. Nevertheless, the results 
obtained at low frequency should help us unravel the influence of material properties on 
general trends in MIM behavior.   
-­‐ Develop facile fabrication approaches for high-throughput material screening studies that 
enable the systematic survey of different metal/insulator pairs in a reliable manner 
(Chapter 1 and Appendix A). 
-­‐ Corroborate the material selection hypotheses and observed MIM I-V responses with 
detailed information about the band-offset and interfacial chemistry of selected MIM 
structures (Chapter 4). This is one of the novelties in this thesis work in adopting band-
offset measurements via photoemission spectroscopy for studying MIM structures. 
 
1.9 Thesis Organization 
This thesis document is organized into the following chapters 
1. Chapter 1 details background information on rectennas, metal-insulator-metal diodes 
and point-contact MIM architecture. This chapter provides necessary information on the 
concept of rectennas, MIM diodes, their historical evolution and the current start-of-the 
art in this field.  
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2. Chapter 2 details experiments done to identify the role of metal work function difference 
on MIM rectification using Nb/Nb2O5 as the metal 1/insulator (M1/I) bilayer while 
screening metal 2 (M2) candidates via a bent-wire point-contact metal-insulator-metal 
architecture. The supplemental information associated with chapter 2 details the 
anodization procedure. The supplemental information also provides details on the 
statistical analysis carried out to calculate the figure of merits that are used to quantify 
and compare rectification performance across different MIM combinations.  
3. Chapter 3 details experiments done to understand the influence of the insulator layer and 
the development of a hypothesis to choose the right metal/insulator pairs for good 
rectification performance. It also presents a first-of-its kind MIM materials space map, 
and also discusses the importance of interfacial chemistry at metal/insulator interfaces. 
4. Chapter 4 details the construction of band-diagrams for MIM devices based on 
experimental measurements of band offsets/barrier heights at select metal/insulator 
interfaces via photoemission spectroscopy. This interfacial experimental procedure is 
explained in detail for the case of the Nb2O5/Cu interface. Experimentally determined 
barrier height values for ten different metal/insulator interfaces are listed in this chapter. 
5. Chapter 5 summarizes the material design criteria proposed in this thesis work. Logical 
action steps for future research work are also detailed here. 
6. Appendix This section has four appendixes namely appendix A, B, C and D.  
Appendix A provides information about a branched-off research work I carried out with 
one of my collaborators to extend my effort in finding facile but very reliable point-
contact MIM fabrication and testing approach. I did studies using an instrumented nano-
indenter wherein a conductive diamond tip (B-doped) contacting the metal/insulator 
	   30	  
interface forms a MIM structure. The B-tip can be contacted in to the bi-layer with sub-
nm precision. Results from this collaborative research are presented in this appendix. 
Results and texts presented in this appendix are shared and jointly written with 
collaborators for publication. 
Appendix B provides information about the basics of photoemission spectroscopy and 
the adaption of the same to perform band-offset measurements. In addition, the need for 
such a band-offset measurement and its impact on the understanding of tunneling MIM 
structure – device of interest in this thesis work is discussed in this appendix.  
Appendix C provides information about the deviation of the practical devices from the 
ideal MIM band diagram discussed in this thesis. 
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CHAPTER 2 
FABRICATION AND CHARACTERIZATION OF MIM DIODES BASED ON NB/NB2O5 
VIA A RAPID SCREENING TECHNIQUE 
 
P. Periasamy*, J. J. Berry, A. A. Dameron, J. D. Bergeson, D. S. Ginley, R. P. O’Hayre, P. A. 
Parilla, Adv. Mater. 2011, 23, 3080–3085. 
 
The following is a reproduction of a research article published in Advanced Materials. 
This chapter is reproduced as published except that section numbers, and figure labels were 
changed to conform to the thesis format. Permission to publish this is attached in Appendix D. 
 
Metal-Insulator-Metal (MIM) structures are gaining significant attention due to their 
applications in varied electronic devices such as rectennas for energy harvesting, [1-4] high-
frequency detectors/infrared photo-detection, [5-7] high-frequency mixers, [8-10] as well as 
applications in static memory and switching devices. [11, 12] Ideally, for most of these 
applications, the MIM structure should exhibit current-voltage (I-V) characteristics with high 
asymmetry (ƒASYM > 1), strong nonlinearity (ƒNL > 3), fast responsivity (ƒRES > 7 V-1), low 
hysteresis and low turn-on voltage (close to zero bias). [3] Despite the widespread utility and 
simple architecture of MIM devices, there is a significant lack of understanding as to which 
materials properties produce the desired device performance. Although it is commonly stated 
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that a high work-function difference (Δϕ) between the metal electrodes is responsible for high 
ƒASYM and ƒNL, [3, 5, 7] an exhaustive literature search (Table 2.1(a)) on MIM diodes indicate 
that only few metal combinations with limited Δϕ values have been reported.  
A systematic study to understand the influence of Δϕ on the electrical performance of 
MIM devices has not been reported. In this paper, using a rapid screening approach, we study the 
effect of Δϕ to identify a champion device structure with fASYM, fNL and fRES values of 1500, 4 
and 20 V-1, respectively. These performance metrics are superior to previous MIM device reports.  
 
 




Absolute value of work 
function difference between 
metal1 and metal2, ꒐Δϕ꒐  
[eV] [a] 
Reference 
Ni-NiO-Ni 0 [9, 22, 23]  
Ni-NiO-Au 0.05 [24-26] 
Nb-Nb2O5-In 0.18 [27] 
Al-Al2O3-W 0.27 [28] 
Co-CoO-W 0.45 [29, 30] 
W-insulator-Au 0.55 [15] 
Ni-NiO-Cr 0.65 [5, 22] 
Nb-Nb2O5-Au 0.8 [31, 32] 
Al-Al2O3-Au 0.82 [33] 
Ta-Ta2O5-Au 0.85 [34, 35] 
Al-AlOX-Pt 1.37 [6] 
 
 
Processing capability and compatibility along with a number of other technical limitations have 
generally restricted the investigation of MIM structures to only a limited number of metal 
combinations. One reason progress has been hampered in evaluating MIM configurations is the 
tight physical requirements on the insulator thickness and device area. 
 
	   36	  




Work function difference 
between metal 1 (Nb) and 




 of the MIM devices 
[c] 
Nb-Nb2O5-Hf -0.4 Symmetric 
Nb-Nb2O5-Zr -0.25 Symmetric 
Nb-Nb2O5-Nb 0 [b] Symmetric 
Nb-Nb2O5-Ti 0.03 Symmetric 
Nb-Nb2O5-Cu 0.35 Asymmetric 
Nb-Nb2O5-Ag 0.4 [b] Asymmetric 
Nb-Nb2O5-Au 0.8 Asymmetric 
Nb-Nb2O5-Pt 1.35 Asymmetric 
 
[a] Work function values are obtained from [21]. Δϕ = ϕ 2 – ϕ 1, where ϕ 1 and ϕ 2 are the work 
function values of metal 1 (Nb) and 2, respectively. [b] Work function of Nb and Ag are 
measured using Kelvin Probe technique. [c] Devices with their asymmetric values below and 
above the cutoff value of two are qualitatively classified as symmetric and asymmetric, 
respectively. See Figure 2.3(a). 
 
Ultra-fast rectification in MIM structures is due to tunneling mechanisms, [10] leading to 
ultra-thin insulator requirements (preferably less than 10 nm thick) for optimal behavior. [13] In 
addition, the insulator layer should be pinhole free with low surface roughness and have uniform 
thickness and stoichiometry—these issues can be mitigated by using a small-area device (µm2 or 
smaller), which also increases the maximum operating frequency of the device by decreasing 
parasitic capacitance effects. [14] Photo or e-beam lithographic techniques are extensively used 
to fabricate MIM systems, [3, 5, 6, 10] but such approaches are also complex and time-
consuming. Applying these lithographic patterning techniques to a wide range of materials 
combinations is difficult and greatly hinders the ability to study the many variations necessary to 
understand the relationship between material properties and electrical response.  
In this paper, we report the use of a facile MIM fabrication technique to elucidate how Δφ 
affects device performance. Eight MIM combinations with Δϕ (=ϕ2 - ϕ1) values spanning a wide 
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range from -0.4 to 1.35 eV are fabricated and characterized via our rapid screening technique 
(Table 2.1(b)). We have identified, the following MIM combinations with promising diode 
characteristics: Nb/Nb2O5/Cu, Nb/Nb2O5/Ag, Nb/Nb2O5/Au and Nb/Nb2O5/Pt.    
Our technique is based on a modification of the tungsten whisker point-contact diode 
configuration, which uses a tungsten whisker pressed against a metal plate to generate a 
rectifying MIM diode contact. [15] The native oxide on the metal plate or the tungsten whisker, 
or any other contaminant between the contact metals, serves as the insulator layer. [15] While 
this configuration suffers from poor mechanical stability and hence is not attractive for 
commercial applications, it has been employed to achieve the highest reported rectification speed 
(~150 THz). [16] In order to improve the quality and reproducibility of our point-contact devices 
compared to the tungsten whisker/metal plate approach, we made two important modifications: 
(i) a controlled, intentionally grown insulator layer (I) was formed on the metal 1 (M1) substrate, 
rather than relying on a potentially non-uniform, incomplete native oxide; and (ii) a fine-
diameter wire rather than whisker was employed for the second metal (M2), with the contacting 
end of this wire given a uniform curvature enabling a consistent contact characteristic. The 
contact of the M1/I bilayer with M2, in the bent-wire configuration, defines the diode area. For 
the initial studies described in this paper, a thin-film bilayer of Nb/Nb2O5 was used for the M1/I 
combination, while a variety of metal wires were used for the second metal electrode (M2) to 
rapidly screen a number of different point-contact MIM combinations. The M1/I fabrication 
approach involved sputtering a 100 nm thick Nb metal (M1) on to a Si substrate. The insulator 
layer, Nb2O5 (I) was then formed by anodic oxidation of the Nb metal layer. The Nb/Nb2O5 
combination is selected for the M1/I bilayer because Nb forms a pinhole-free, adhesive oxide 
layer in a reproducible manner upon anodic oxidation.  A careful optimization process was 
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employed to establish the required parameters for obtaining smooth and homogenous Nb2O5 
oxide layers of precisely controlled thickness (within ± 1 nm) on the Nb film using anodic 
oxidation (see supporting information, Figures S1 and S2). The bent-wire M2 electrodes were 
fabricated from 254 µm diameter wires. A schematic representation of the bent-wire MIM 










Figure 2.1: A schematic illustration of the bent-wire (point-contact) MIM device used in this 
study. M1 and M2 indicates metal 1 and 2, respectively in the MIM configuration. Thickness of 
the M1 layer is around 100 nm. Thickness of the insulator layer ranges from 5-30 nm with a 
precision of ± 1 nm. M2 is in the form of a bent-wire of diameter 240 µm. Care is taken to ensure 
uniform curvature in all different M2 wires. A bent-wire is used instead of a sharp tip to help 
prevent puncturing the ultra-thin insulator layer. The area of M2 wire, which is in contact with 
the insulator, defines the contact diode area. Biasing is done between M1 and M2 and the 
resulting current measured. 
 
I-V characterization was performed using a custom I-V station (see supporting 
information, Figure S3) built specifically for point-contact MIM device characterization. The 
M2 bent wire was brought into contact with the M1/I substrate via a differential micrometer. A 
Keithley 2636 source-measure unit was used to apply the bias voltage and measure the current 
response of the MIM device. The resulting I-V behaviors of all devices were quantified by 
examining ƒASYM, ƒNL, and ƒRES as the three figure of merits (FOMs).  These three FOMs are 
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typically used to evaluate the rectification performance characteristics of MIM devices. [3] The 
FOM definitions are:  
 (a) ƒASYM – defined in equation 1 as the absolute value of the ratio of forward (IF) to reverse bias 







(b) ƒNL – a measure of the deviation from a linear resistor, and defined (equation 2) as the ratio of 









 (c) ƒRES – defined in equation 3, is the ratio of the second derivative of the I-V curve (d2I/dV2) to 







dV  (3) 
To study the influence of Δϕ, eight different MIM combinations based on the Nb/Nb2O5 
M1/I bilayer substrate were characterized by changing the metal of the M2 bent wire using: Hf, 
Zr, Nb, Ti, W, Cu, Ag, Au, Ni and Pt, respectively. It is important to note that all eight different 
MIM devices were fabricated using a single Nb/Nb2O5 bilayer substrate, while changing the M2 
bent wire. This facilitates a systematic study by eliminating the variations that could be 
introduced during M1/I bilayer deposition. We note that there is a possibility of an ultra-thin 
oxide in the contact area of the bent-wires since the bent-wires were fabricated and tested in 
atmospheric conditions. The thickness of the Nb2O5 layer in this Nb/Nb2O5 bilayer was 15 nm 
(from TEM cross-section, ellipsometry and XRR analysis).  
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Schematic representations of the energy-band diagrams for Nb/Nb2O5/Nb and 
Nb/Nb2O5/Pt, representatives of symmetric and asymmetric MIM devices studied, are shown in 
Figures 2.2(a) and 2.2(b), respectively. Barrier heights (ϕB1 and ϕB2) are obtained from the 
difference between metal work function and insulator’s electron-affinity value. [13] A symmetric 
MIM device such as the Nb/Nb2O5/Nb structure will have equal barrier heights (ϕB1 = ϕB2) at 
both metal/insulator interfaces resulting in a rectangle barrier (Figure 2.2(a)), whereas an 
asymmetric MIM device (e.g. Nb/Nb2O5/Pt) has a trapezoidal barrier (Figure 2.2(b)) in the 
unbiased condition. As expected, the Nb/Nb2O5/Nb reference device exhibits negligible 
asymmetry (Figures 2.2(c) and 2.2(d)). As discussed in detail later, similar symmetric I-V 
response is also exhibited by the following devices: Nb/Nb2O5/Hf, Nb/Nb2O5/Zr and 
Nb/Nb2O5/Ti. Other MIM combinations exhibited excellent asymmetric I-V response. Figure 2e 
shows the I-V response of Nb/Nb2O5/Pt – the device with the highest Δϕ value in this study. The 
extracted rectification properties of the Nb/Nb2O5/Nb and Nb/Nb2O5/Pt device are shown in 
Figures 2.2(d) (fASYM) and 2.2(f) (fNL). Clearly, the Nb/Nb2O5/Pt outperforms the Nb/Nb2O5/Nb 
device in terms of asymmetry (~by three orders of magnitude) and nonlinearity (by a factor of 
~3).  
Figures 2.3(a) and 2.3(b) show plots of work-function difference (Δϕ) versus the 
rectification figure of merit values (asymmetry and nonlinearity) for the eight devices given in 
Table 2.1(b). The data points plotted in Figure 2.3 are extracted from the average of 30 separate 
I-V measurements made for each device configuration (see supporting information for details 
on the statistical analysis, Figure S4). Although the bent wire configuration eliminates the 
possibility of insulator layer damage that can occur in a sharp point-contact configuration, 
controlling the contact force with a high degree of accuracy is difficult. In all tested devices, it is 
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generally observed that the turn-on voltage is a function of contact force between the bent-wire 
(M2) and M1/I bilayer, although the other I-V performance characteristics and overall trends 
between devices are not strongly affected. Hence, the measurements made via this rapid 
screening technique enable a quantitative comparison of different devices (with the same M1/I 
bilayer substrate), which is crucial for identifying the role of metal choice and Δϕ on 
performance and therefore rapidly identifying high-potential MIM combinations.  
Device asymmetry clearly increases with Δϕ (Figure 2.3(a)), with fASYM going from ~1 to 
~1500 as Δφ increases from -400 meV (Nb/Nb2O5/Hf) to ~ 1350 meV (Nb/Nb2O5/Pt ). As per 
the symmetry in the Simmons Model, [13] only the absolute value of Δφ should be critical for 
the device performance. Nevertheless, in Figure 2.3, Δφ is shown as a signed value for graphical 
clarity and also to present the trends clearly. As seen in Figure 2.3(a), the increase in fASYM with 
Δϕ is not linear. The fASYM value is slightly less than 1 for devices with negative Δϕ values (i.e. 
ϕmetal2 < ϕNb) and remains close to 1 (i.e. symmetric) for devices with Δϕ values up to ~30 meV. 
These results agree well with the Simmons theory, [13] since for these devices, the reverse bias 
current magnitude should be similar to or greater than the forward bias current for Δϕ values up 
to kBT (~26 meV at room temperature). There is a sharp increase in fASYM for devices with Δϕ 
values above 30 meV, corresponding to a transition from symmetric to asymmetric device 
behavior. As stated earlier, due to the symmetry in the Simmons Model, the Nb/Nb2O5/Hf and 
Nb/Nb2O5/Ag system with Δφ values of  -400 and 400 meV, respectively, should have similar 
device performance. But results (Figure 2.3(a)) show that Nb/Nb2O5/Ag outperforms the 
Nb/Nb2O5/Hf system. Possible causes for this discrepancy are discussed later. The highest fASYM 
values (~1500) are exhibited by the devices: Nb/Nb2O5/Au and Nb/Nb2O5/Pt (Figure 2.3(a)). 
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This information provides crucial guidance in identifying the best metal combinations for a MIM 
diode to suit a targeted application.  
 
Figure 2.2: Schematic energy-band representation of (a) Nb/Nb2O5/Nb (symmetric) and (b) 
Nb/Nb2O5/Pt (asymmetric) MIM device, respectively. ϕB1 and ϕB2 are the barrier heights at the 
metal/insulator interfaces. Barrier heights (in eV) are expected to be the difference between the 
metal work function and the insulator’s electron affinity value. s is the insulator thickness. EF is 
the Fermi energy. I-V curve of (c) Nb/Nb2O5/Nb and (e) Nb/Nb2O5/Pt, respectively. 
Rectification characteristics (d) asymmetry (fASYM) and (f) nonlinearity (fNL) curves as a function 
of bias voltage. See equation 1 and 2 in the text for definitions of fASYM and fNL, respectively. 
The best rectification parameters of Nb/Nb2O5/Pt reported here are much higher than the values 
reported in the literature.  
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The increase in fNL values (Figure 2.3(b)) with Δϕ is non-monotonic, as maximum fNL 
values are obtained for devices in the intermediate Δϕ range (corresponding to Nb/Nb2O5/Cu and 
Nb/Nb2O5/Ag), which yield fNL values of ~8 (versus ~2 for the Nb/Nb2O5/Nb symmetric control). 
The high nonlinearity value of the Nb/Nb2O5/Cu and Ag system can perhaps be attributed to the 
natural formation of MIIM (double insulator) structures owing to the possible presence of native 
oxide layer on the Ag and Cu bent wires. In these devices, the native oxide might have a 
noticeable contribution to the device performance.  Devices with an MIIM structure are 
frequently reported to have high nonlinearity and asymmetry values than standard MIM devices. 
[17] The spread in the fNL value of the Nb/Nb2O5/Pt device and the overall non-monotonic 
increase of fNL with Δϕ is not clear at this point.  This lack of consistency in the behavior is 
indicative of other physical properties influencing the device behavior. For example the metal 
wires could have significant variation in the surface roughness.  In a recent study, Cowell et. al., 
showed the influence of interface roughness on the device performance can be quite 
consequential. [18] Alternatively the nature of the native oxide on the metal wires used in this 
study could also be influential as any defect trap energy state thereof could change the transport 
behavior of the interface. This indicates that although Δϕ is a critical parameter in the device 
performance, it does not uniquely control the FOMs in a MIM device, and other surface 
properties that impact the interfaces also need to be considered. 
Among the devices tested, the Nb/Nb2O5/Pt device consistently [19] out-performs the 
other devices in terms of asymmetry. The device exhibits maximum fASYM, fNL and fRES values of 
approximately 1500, 4 and 20 V-1 at 0.5 V, respectively which are much higher than the previous 
best values reported in the literature for any MIM system. [20] For applications such as infrared 
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detectors and high-frequency mixing and detection systems, where external biasing can be used, 

















Figure 2.3. (a) Plot of asymmetry (fASYM) and (b) box and whisker plot of nonlinearity (fNL) as a 
function of metal work function difference values (Δϕ). Each data point in the fASYM plot is an 
average of 30 asymmetry values calculated from 30 I-V curves at a fixed voltage of 0.5 V. The 
error bars in 2.3(a) represent the standard deviations. Although fASYM is a function of voltage 
(Figure 2.2(d)), a similar trend is observed for the eight devices at different bias voltages. In the 
fNL box and whisker plot, each data point in the fNL plot represents an average of 600 values in 
each device. Top and bottom whiskers are 75 and 25 quartiles. For more details on the analysis, 
see supplemental information. 
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To summarize, MIM devices were successfully fabricated via a novel bent-wire point-
contact fabrication approach and characterized for their I-V response. To study the influence of 
Δϕ on device performance, eight devices with the same M1/I (Nb/Nb2O5) bilayer but different 
M2 bent wires (Hf, Zr, Nb, Ti, Cu, Ag, Au, and Pt) were fabricated and tested as a function of Δϕ. 
Quantitative analysis of the eight devices clearly shows that the rectifier properties (fASYM and fNL) 
are influenced by Δϕ, with the asymmetry increasing sharply for Δϕ values > kBT, in agreement 
with predictions from the Simmons model, while  fNL showed a non-monotonic increasing trend 
with Δϕ. In this study, Nb/Nb2O5/Pt was identified as a champion device structure in terms of 
asymmetry and responsivity, with excellent diode rectification properties. The fASYM, fNL and 
fRES values of 1500, 4 and 20 V-1, respectively, obtained for this device far exceed the 
performance of previous MIM devices reported in the literature. Equally promising are 
Nb/Nb2O5/Cu and Nb/Nb2O5/Ag devices, which show high nonlinearity values around 8. Most of 
the devices had a turn-on voltage of ~150 meV. The bent-wire MIM fabrication process 
introduced in this study shows significant promise as a rapid screening technique to fabricate a 
wide variety of MIM combinations and then compare and contrast their I-V response to identify 
high-potential materials combinations. Champion device structures can then be fabricated using 
more robust planar type geometries as per the requirement of the application. It is likely that the 
rapid bent-wire screening approach can be widely applied to variety of MIM devices and 
application requirements, including MIM capacitors, switching devices, detectors and mixers.  
 
2.1 Experimental 
 Experimental details on materials deposition and characterization involved in fabricating 
and testing the MIM device is provided in this section. 
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2.1.1 Materials and deposition 
Samples were fabricated on p-type Si wafers (Silicon Quest Internationals). The Nb metal 
layers were deposited via DC magnetron sputtering using a 2-inch Nb metal target (Alfa Aesar). 
After achieving a base pressure of at least 3 x 10-6 Torr, 90-100 nm thick Nb metal films were 
deposited at a working pressure of 5mTorr of Ar gas by DC sputtering. The Nb2O5 layers were 
formed by anodization in a 1M H2SO4 electrolyte solution at room temperature under 
potentiostatic conditions. Fresh electrolyte solution was prepared for each anodization process to 
avoid accumulation of Nb metal ions in the electrolyte solution. The anodic oxide growth 
coefficient was estimated to be in the range of 2-3 nm V-1. Bent metal wires were fabricated from 
commercially available metal wires (Alfa Aesar) of 254 µm in diameter and were bent around a 
glass tube of outer diameter 1.6 mm to arrive at a uniform bent-curvature. I-V measurements 
were made using a custom-built I-V station. DC bias is applied between metal 1 and the metal 2 
bent-wire, and the resulting current is measured using a Keithley 2636 source measure unit. All 
measurements were made under ambient conditions. 
2.1.2 Materials characterization  
A WITec alpha 300R AFM was used to characterize the surface roughness of the metal 
and the insulator layers. The work function of the as-deposited Nb layer was 4.3 eV (matching 
the literature value [21]) measured via the Kelvin-probe technique using a SKP SPVLE 450 
(KPTechnology). The reported thickness values of the metal and the insulator layers were 
obtained using a Woollam ellipsometric spectrometer, TEM (cross-section) and XRR. Chemical 
composition of the insulator layer was analyzed via X-ray photoelectron spectroscopy on a 
Kratos Axis Hsi photoelectron spectrometer with an Al Kα source (1486.6 eV) at a chamber 
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pressure less than 3 x 10-10 Torr. The spectra were acquired with a 40 eV pass energy. Binding 
energy was calibrated to the Ag 3d5/2 level at 368.3 eV. 
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1 Plot of Nb2O5 thickness as a function of anodization voltage. 
2 XPS spectrum of Nb2O5 surface in the Nb/Nb2O5 bilayer. 
3 Photograph of the custom I-V station built specifically to test bent-wire point-contact 
MIM devices. 
4 Note on statistical analysis done to calculate the asymmetry (fASYM) and nonlinearity (fNL) 
reported in Figs 3(a) and (b) in the main text. 
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Figure	  S1.	  Plot	  of	  thickness	  of	  anodized	  Nb2O5	  layer	  as	  a	  function	  of	  anodization	  voltage.	  
Thickness	  was	  measured	  via	  x-­‐ray	  reflectivity	  (XRR).	  A	  Philips	  X’Pert	  five-­‐circle	  
diffractometer	  was	  used	  for	  XRR	  measurements.	  Anodization	  of	  Nb	  metal	  film	  to	  Nb2O5	  was	  
done	  in	  a	  1M	  H2SO4	  electrolyte	  solution	  at	  atmosphere	  conditions	  for	  an	  anodization	  time	  
of	  60	  seconds.	  Fresh	  H2SO4	  solution	  was	  used	  for	  each	  data	  point.	  The	  growth	  coefficient	  
(thickness/anodization	  voltage)	  is	  estimated	  to	  be	  2.7	  nm/V.	  Very	  similar	  growth	  
coefficient	  was	  also	  obtained	  for	  longer	  anodization	  time.	  Under	  similar	  conditions,	  the	  
variation	  in	  thickness	  is	  found	  to	  be	  less	  than	  ±	  1	  nm.	  	  
	  
	  
2.	  XPS	  spectrum	  of	  Nb2O5	  surface	  in	  the	  Nb/Nb2O5	  bilayer.	  
	  
XPS	  analysis	  was	  carried	  out	  on	  the	  anodized	  surface	  to	  ascertain	  the	  oxidation	  state	  
of	  the	  anodized	  layer.	  Figure	  S2	  shows	  the	  high-­‐resolution	  XPS	  spectrum	  of	  the	  Nb	  3d	  
region.	  A	  survey	  scan	  was	  also	  taken	  (not	  shown	  here)	  that	  identified	  peaks	  of	  Nb	  and	  O	  in	  
addition	  to	  trace	  impurities	  of	  C.	  	  
Peak	  positions	  of	  the	  Nb	  3d5/2	  and	  Nb	  3d	  3/2	  after	  corrections	  for	  the	  peak	  shift	  
(0.7	  eV	  based	  on	  C	  1S	  peak)	  are	  207.3	  and	  210	  eV,	  respectively.	  These	  peak	  positions	  match	  
very	  well	  with	  the	  reported	  (listed	  below)	  Nb	  3d	  peak	  for	  Nb2O5.	  	  
The	  range	  for	  Nb	  3d5/2	  peak	  of	  Nb2O5	  is	  between	  207-­‐208	  eV	  [Supp.	  Ref.	  1].	  Ozer	  et	  
al.,	  [Supp.	  Ref.	  2]	  reported	  that	  the	  peak	  positions	  of	  Nb	  3d5/2	  and	  Nb	  3d3/2	  of	  Nb2O5	  films	  
(prepared	  by	  sol-­‐gel,	  RF	  magnetron	  sputtering)	  close	  to	  207.2	  and	  210.1	  eV,	  respectively.	  	  
3.	  Photograph	  of	  the	  custom	  I-­‐V	  station	  built	  specifically	  to	  test	  bent-­‐wire	  point-­‐
contact	  MIM	  devices	  is	  shown	  in	  Figure	  S3.	  
	  
4.	  Note	  on	  statistical	  analysis	  done	  to	  calculate	  the	  asymmetry	  (fASYM)	  and	  
nonlinearity	  (fNL)	  reported	  in	  Figs	  3(a)	  and	  (b)	  in	  the	  main	  paper.	  
	  
For	  each	  MIM	  configuration,	  thirty	  I-­‐V	  curves	  were	  collected	  by	  positioning	  the	  
metal	  2	  wire	  (M2)	  in	  (at	  least)	  three	  different	  locations	  on	  the	  Nb2O5	  surface.	  fASYM	  and	  fNL	  
were	  calculated	  from	  the	  individual	  I-­‐V	  data.	  As	  expected,	  fASYM	  was	  found	  to	  be	  dependent	  
on	  the	  bias	  voltage,	  whereas	  fNL	  was	  nearly	  independent	  on	  the	  bias	  voltage	  above	  the	  turn-­‐
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Figure	  S2.	  High-­‐resolution	  XPS	  spectrum	  showing	  the	  Nb	  3d	  region	  of	  the	  anodized	  
niobium	  oxide	  surface.	  Peak	  positions	  of	  the	  Nb	  3d5/2	  and	  Nb	  3d	  3/2	  after	  corrections	  for	  
the	  peak	  shift	  (0.679	  eV	  based	  on	  C	  1S	  peak)	  are	  207.271	  and	  210.018	  eV,	  respectively.	  
These	  peak	  positions	  matches	  very	  well	  with	  the	  reported	  Nb	  3d	  peak	  for	  Nb2O5.	  	  
	  
fASYM	  reported	  in	  Fig	  3(a)	  (see	  main	  paper)	  is	  the	  average	  of	  	  thirty	  asymmetry	  
values	  calculated	  for	  each	  MIM	  configuration	  at	  0.5V	  bias	  voltage.	  Very	  similar	  trends	  were	  
seen	  for	  other	  bias	  voltages.	  Error	  bars	  indicate	  the	  standard	  deviation	  in	  the	  distribution	  
of	  fASYM	  at	  a	  bias	  of	  0.5V.	  	  Outliers	  were	  determined	  by	  evaluating	  the	  25th	  and	  75th	  quartiles	  
after	  which	  the	  average	  asymmetry	  values	  are	  calculated.	  Since	  fNL	  is	  independent	  on	  bias	  
voltage	  above	  the	  TOV,	  all	  the	  fNL	  values	  beyond	  TOV	  are	  included	  for	  the	  calculations	  in	  
each	  of	  the	  thirty	  I-­‐V	  curves	  for	  every	  MIM	  configuration.	  The	  TOV	  values	  for	  all	  the	  MIM	  
configurations	  studied	  range	  from	  0.1	  to	  0.25	  V.	  To	  ensure	  that	  only	  points	  beyond	  TOV	  
were	  evaluated,	  the	  fNL	  values	  for	  each	  of	  the	  MIM	  configurations	  were	  taken	  between	  0.3	  
	   50	  
to	  0.5	  V	  for	  the	  calculations.	  	  For	  the	  example	  of	  the	  Nb/Nb2O5/Cu	  MIM	  configuration,	  30	  I-­‐
V	  curves	  are	  collected.	  In	  each	  of	  the	  30	  I-­‐V	  curves,	  20	  fNL	  values	  between	  0.3	  and	  0.5V	  are	  
considered.	  Hence	  the	  total	  number	  of	  fNL	  data	  points	  for	  the	  Nb/Nb2O5/Cu	  configuration	  is	  
600	  (30	  X	  20).	  Histograms	  are	  plotted	  using	  the	  data	  population	  (600	  points)	  of	  fNL	  values	  
for	  each	  MIM	  configuration	  were	  used	  to	  analyze	  the	  distribution	  of	  the	  data.	  A	  typical	  
histogram	  plot	  is	  shown	  in	  Figure	  S4	  for	  the	  fNL	  values	  of	  Nb/Nb2O5/Cu.	  Figure	  S4	  
indicates	  a	  typical	  histogram	  and	  fit	  to	  a	  normal	  distribution.	  This	  approach	  was	  applied	  to	  
the	  other	  MIM	  configurations.	  Using	  this	  analysis	  the	  box	  and	  whisker	  plot	  of	  fNL	  values	  for	  
each	  of	  the	  MIM	  configuration	  was	  constructed	  based	  on	  the	  values	  obtained	  fitting	  the	  
normal	  distribution	  to	  the	  histograms.	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Figure	  S3.	  Photograph	  of	  the	  custom	  I-­‐V	  station	  for	  characterizing	  bent-­‐wire	  point-­‐contact	  
MIM	  devices.	  The	  metal	  1	  (M1)/insulator	  (I)	  bilayer	  on	  a	  silicon	  substrate	  (with	  native	  
oxide)	  was	  mounted	  to	  the	  supporting	  post.	  The	  metal	  2	  (M2)	  bent-­‐wire	  was	  contacted	  to	  
the	  M1/I	  bilayer	  using	  a	  differential	  micrometer.	  In	  this	  study	  Nb/Nb2O5	  is	  used	  as	  the	  
M1/I	  bilayer.	  Pressed	  indium	  wire	  was	  used	  to	  glue	  the	  copper	  wire	  contact	  to	  the	  un-­‐
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anodized	  M1	  surface.	  DC	  bias	  is	  applied	  between	  M1	  and	  M2	  bent-­‐wire	  and	  the	  resulting	  
current	  is	  measured	  using	  a	  Keithley	  2636	  source	  measure	  unit.	  Current-­‐Voltage	  data	  were	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CHAPTER 3 
 
METAL-INSULATOR-METAL DIODES: ROLE OF THE INSULATOR LAYER ON 
THE RECTIFICATION PERFORMANCE 
 
P. Periasamy*, H. L. Guthrey, A. I. Abdulagatov, P. F. Ndione, J. J. Berry, D.S. Ginley, S. M. 
George, P. A. Parilla, R. P. O’Hayre, DOI: 10.1002/adma.201203075 
 
The following is a reproduction of a paper that was accepted in Advanced Materials and 
currently is in the press (2012). This chapter is reproduced as is except that section numbers, and 
figure labels were changed to conform to the thesis format. Permission to publish this is attached 
in Appendix D. 
 
High-frequency rectifiers are crucial for applications such as THz mixing, [1] infrared 
detection, [2-5] solar energy harvesting, [6-9] THz electronics, [10,11] and display technologies. 
[12] Metal-Insulator-Metal (MIM) diodes are actively investigated as high-frequency rectifiers 
[2,4,13-16] for these applications along with other related devices such as metal/double-
insulator/metal (MIIM) diodes, [11,17] geometric diodes, [18,19] and molecular diodes. [20,21] 
Quantum-based electron-transport mechanisms are responsible for rectification in suitably 
                                                
 
* Prof. R. O’Hayre, P. Periasamy, H. Guthrey 
Department of Metallurgical and Materials Engineering, Colorado School of Mines 
Golden, CO 80401 (USA) 
 
Dr. P. A. Parilla, Dr. P. Ndione, Dr. J. Berry, Dr. D. S. Ginley, 
National Renewable Energy Laboratory, Golden, CO 80401 (USA) 
 
Prof. S. George, A. Abdulagatov 
Department of Chemistry and Biochemistry, University of Colorado at Boulder, Boulder, 
CO 80309 (USA) 
 
Periasamy contributed to sample preparation, I-V data collection, analysis and writing of this 
manuscript. Guthrey took the TEM data, Abdulagatov and Periasamy did ALD, Ndione 
performed ellipsometry, Berry, Ginley, George, Parilla and O’Hayre supervised and edited the 
manuscript. 
 
     
  54  
designed MIM structures. [22] Because the tunneling process yields time constants in the range 
of femto seconds (10-15 s), well-designed MIM structures can potentially rectify frequencies as 
high as 1015 Hz. Presently there is increased interest in employing antenna-coupled MIM 
structures to rectify higher frequencies (infrared and visible) for solar energy harvesting. 
[6,7,9,23,24] Significant progress has been made to fabricate nano-sized MIM diodes, a 
geometric requirement for THz frequency applications. [13,14] In addition, numerous reports 
have been presented to help understand the transport mechanism, [25] theoretical device analysis 
[26,27] and suitability of MIM for energy harvesting applications. [28] However, systematic 
experimental studies to correlate material properties to MIM rectification performance have been 
largely absent.  Consequently, materials-design rules to help choose suitable materials for the 
MIM stack that favor the desired rectification performance are lacking. In a recent review article, 
Miskovsky et al., highlighted the importance of investigating material properties and designing 
new materials to optimize MIM high-frequency rectification performance. [29]  
Here, we provide a set of design rules for the selection of MIM materials. Based on these 
rules, we have constructed a materials-space diagram to map MIM combinations to application-
specific performance metrics. This MIM materials-space diagram correlates materials 
properties to rectification performance. The materials-space diagram is generated based on 
systematic experimental studies elucidating the role of the metals and the insulator on MIM 
device performance by evaluating the current-voltage (I-V) response. In addition, the need to 
consider the thermodynamic stability of the metal/insulator interface is identified and highlighted.  
A novel modified point-contact geometry reported earlier is adopted here to examine a 
number of MIM material combinations. [15] This geometry, employs a bent metal wire (M2) 
with a defined curvature which contacts the insulator (I)/metal (M1) bilayers, thus completing 
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the MIM structure. Being a facile and lithographic-free geometry, this setup helps to mitigate a 
practical challenge of optimizing patterning procedures for different MIM materials 
combinations. Figures of merit (FOMs) that characterize the rectification performance including 
asymmetry (fASYM), nonlinearity (fNL) and turn-on voltage (TOV) are extracted from the I-V 
curves (see discussions later). 
Recently, several of the present authors, reported an investigation to identify the role of 
metals on rectification performance. [15] With Nb/Nb2O5 as the metal 1/insulator (M1/I) bilayer 
model system, eight metal 2 (M2) candidates were studied. The study revealed that it is sufficient 
to choose the metals such that their work-function difference, ΔΦ (ΦM2 - ΦM1(Nb)) is > +30 meV 
to achieve desired rectification characteristics (high asymmetry and nonlinearity). In addition, 
the asymmetry and the nonlinearity were found to be only weakly dependent on ΔΦ above ~ 0.4 
eV. [15] This result is in contradiction to the existing paradigm that focuses on choosing metal 
pairs with as high a ΔΦ as possible in order to achieve high asymmetry and nonlinearity. By 
demonstrating that any metal combination with ΔΦ (ΦM2 - ΦM1(Nb))  > +30 meV may be 
workable, this previous study significantly increases the number of possible metal combinations 
that can be considered for high speed MIM device design. 
Given this progress on understanding the role of the metals, a reexamination of material 
design criteria to guide the optimization of the insulator layer in the MIM stack is also needed. 
The present work addresses this particular challenge and together with the current understanding 
on the metal electrodes forms the framework for the development of a 2-dimensional MIM 
materials-space map. 
Based on preliminary experiments done using various insulator candidates in the quest to 
enlarge the materials choice, a working hypothesis was developed and tested in this study.  The 
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proposed hypothesis states, “To minimize the turn-on voltage and maximize asymmetry and 
nonlinearity, the electron affinity of the insulator should be close to one of the metal work 
function values so as to produce a low barrier height (ΦB)”.	  To test this hypothesis, Al2O3, MgO, 
TiO2 and Nb2O5 were the chosen insulator candidates as shown in Scheme 3.1. A simplistic band 
diagram of the four MIM combinations along with the material property parameters (see 
supplemental information for references) is shown in Scheme 3.1. Nb/Pt serves as the M1/M2 
metal electrode pair. Insulators were chosen such that their electron affinity (χInsulator) value 
together with the work function of Nb (ΦNb) yield ΦB values at one of the interfaces grouped 
into two extremes. Lower end values of 0.4 eV are achieved for Nb/Nb2O5 and Nb/TiO2 while 
higher end values of 3.3-3.5 eV are obtained for the Nb/MgO and Nb/Al2O3 interfaces (Scheme 
3.1). The barrier height at the other interface with Pt is also accordingly larger in the MgO and 
Al2O3 systems. As per the hypothesis, the Nb/Nb2O5/Pt and Nb/TiO2/Pt systems should exhibit 
good rectification performance (see Scheme 3.1) owing to the close match between χNb2O5 or 
χTiO2 with ΦNb. In contrast, the Nb/Al2O3/Pt and Nb/MgO/Pt systems should exhibit poor 
rectification performance since the much higher barrier heights (3.3 to 4.85 eV) anticipated at the 
interfaces should lead to high turn-on voltages and reduced asymmetry in the current-voltage 
characteristics. As discussed later, the experimental results agree well with this hypothesis 
prediction. 
A DC-sputtered niobium layer on top of a Si substrate with the native SiO2 was used as 
the bottom metal electrode (M1) for all the MIM combinations. The native SiO2 served to isolate 
the active MIM device from the Si substrate.  The nominal thickness of the Nb layer was 
approximately 90 nm as determined by TEM and ellipsometry. The surface roughness measured 
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by atomic force microscopy (AFM) for a 90 nm Nb layer was ~1 nm. Anodic oxidation (see 











Scheme 3.1: Trapezoidal barrier model of Nb/Nb2O5/Pt, Nb/TiO2/Pt, Nb/Al2O3/Pt and 
Nb/MgO/Pt MIM rectifiers in unbiased condition. Material property parameters used in 
constructing the barrier models are given in the gray box at the top. Literature values are used for 
the material parameters (see supplemental information). The trapezoidal barrier model is 
constructed by equilibrating the Fermi level of the two metal electrodes. A barrier step is formed 
between the Fermi level of the metal and the conduction band minima of the insulator at each of 
the interfaces. The hypothesis predicts good rectification performance for the Nb/Nb2O5/Pt and 




Deposition conditions and the material property values for all the insulators used in this 
study are shown in Table 3.1. Al2O3, TiO2 and MgO were deposited via atomic layer deposition 
(ALD). The DC-sputtered Nb layer was transferred (in open atmosphere) to an ALD chamber. 
The nominal substrate temperature during ALD growth was 150°C for all the insulators.  To 
ensure uniform thickness across all the devices, the insulator layer was kept constant at a 
thickness value of 13 nm and was verified by TEM (see discussions later) and ellipsometry (see 
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supplemental information, Figure S1). Table 3.1 shows the entire ALD deposition sequence and 
the precursors used to deposit the different insulator layers. Each of these sequences and 
precursors were chosen after extensive optimization studies (see supplemental information). The 
quality of the deposited insulator layers and the resulting interface with the bottom Nb electrode 
is visible in the cross-sectional TEM images shown in Figure 3.1. Figures 1(a, b), (c) and (d) 
show the cross-sectional bright-field high-resolution TEM (HRTEM) images of the Nb/Nb2O5, 
Nb/TiO2 and Nb/Al2O3 interfaces, respectively. For the Nb/MgO interface, see supplemental 
information (Figure S1). Figure 3.1(b) indicates an Nb layer that displays crystalline features, 
topped by an approximately 3-5nm native-oxide layer of NbOx. Nb thin films are believed to 
form a saturating native oxide layer with layered composition consisting of sub-oxides of NbO 
and NbO2 and finally Nb2O5. [30] A nominal total insulator thickness of around 15 nm is clearly 
seen in Figures 1(a) - 1(d) and a smooth and continuous interface is visible in all the structures; 
this demonstrates that high-quality insulator layers with good uniformity and similar thickness 
have been achieved for each system. Furthermore, each interface appears to be clean and free of 
second-phase interlayers. Interfacial stability was further confirmed by thermodynamic analysis 
at RT (Table 3.1) and even up to 200°C. Thus even at the deposition temperature of 150°C 
reached during the ALD growth of TiO2, Al2O3 and MgO, non-reactive and stable interfaces with 
no appreciable interfacial compounds are expected. Also, the insulator layers appear amorphous 
in nature, since amorphous layers typically yield highly smooth interfaces. Studies have 
indicated that smooth interfaces with amorphous layers result in MIM devices with higher yield 
and improved asymmetry. [31]  
Achieving morphological similarity between the insulators in this study is crucial in order 
to control the influence of physical parameters such as thickness and uniformity on the 
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rectification performance. Based on Figure 3.1, it is likely that any differences in the rectification 
between the investigated insulators can be attributed to differences in their intrinsic materials 
properties rather than differences in insulator layer morphology or interface quality. After the 
insulator deposition, the Nb/Nb2O5, Nb/TiO2, Nb/Al2O3 and Nb/MgO bilayers are sequentially 
contacted by the same bent Pt wire (diameter = 240µm) with a uniform curvature to complete the 
MIM diode test structures. I-V measurements using the Pt bent-wire contact were conducted with 
a custom-built I-V probe station (see experimental section for more information).  
Table 3.1: MIM combinations used in this study with deposition parameters, thermodynamic 




Insulator Layer Thermodynamic 















is the electrolyte; 
6V for 60 
seconds at room 
temperature. 
14 ± 1 [d] 3.9   Nonreactive interface 
Nb + Nb2O5 = NbOx 





Nb-TiO2-Pt ALD [e]: 150°C 




cycles with 0.6 
Å/cycle. 
13 ± 2 3.9 Nonreactive interface 
2Nb + 2.5 TiO2 = 
Nb2O5 + 2.5 Ti 






Nb-Al2O3-Pt ALD: 150°C (ST), 
1s dose of 
Al2(CH3)6 (TMA)-
25s purge-1s H2O-
25s purge, 150 
cycles with 1 
Å/cycle. 
15 1 Nonreactive interface 
2Nb + 1.7Al2O3 = 
Nb2O5 + 3.3 Al 






Nb-MgO-Pt ALD: 150°C 
(ST), 1s dose of 
Mg(CpEt)2-45s 
purge- 1s H2O-
45s purge, 150 
cycles with 1 
Å/cycle. 
13 0.8 Nonreactive interface 
2Nb + 5MgO = Nb2O5 
+ 3Mg 






[a] Thickness measured by TEM and ellipsometry; [b] EA represents electron affinity. EA values 
are from literatures (see supplemental information); [c] Interface thermodynamic stability is 
classified as being reactive (unstable) if the free energy of the reaction (ΔGrxn) is negative. ΔGrxn 
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is calculated at room temperature up to 200°C. A nonreactive (stable) interface has a positive 
ΔGrxn. HSC 5.1™ is used for calculating the ΔGrxn [d] Thickness measured by XRR. In addition 
TEM and ellipsometry was conducted; [e] ALD represents atomic layer deposition and ST 
represents substrate temperature during ALD growth. 
 
 


































Figure 3.1: Cross-sectional bright-field high-resolution TEM (HRTEM) images of (a) and (b) 
Nb/Nb2O5 interface at low and high magnifications, respectively and (c) Nb/TiO2 and (d) 
Nb/Al2O3 interface at high magnifications. The low magnification image in (a) shows the entire 
Nb/Nb2O5 structure in which the Nb layer is around 80 nm in thick. All the high magnification 
images indicate a very smooth and continuous interface with a ~3-5 nm thick NbOX native oxide 
in-between the Nb and the deposited insulator layer. In all cases, the bottom Nb layer is partially 
     
  61  
crystalline in nature. The insulator layers are all amorphous and the nominal thickness is around 
12-14 nm. 
 
FOMs (fASYM, fNL and TOV) were extracted from the I-V curves to quantitatively 
compare the rectification performance of the MIM structures. fASYM is defined as the ratio 
of forward to the reverse current, whereas fNL is the ratio of first derivative of the I-V curve 
(dI/dV, or differential conductance) to I/V (conductance). [4,15] Both fASYM and fNL are 
functions of bias voltage. In this study, TOV is arbitrarily defined as the voltage at which a 
current value of approximately +0.5 nA is reached.  
The I-V curves along with the fASYM and fNL FOMs for Nb/Nb2O5/Pt and Nb/TiO2/Pt are 
shown in Figure 3.2(a)-3.2(d). Both of these MIM structures exhibit excellent rectification 
performance with highly asymmetric and non-linear I-V response. Both devices have a low turn-
on voltage of around 100 mV. At a voltage bias of 0.5V, the Nb/Nb2O5/Pt MIM structure 
exhibits nonlinearity and asymmetry values of ~3.8 and ~130, respectively while the Nb/TiO2/Pt 
MIM structure exhibits nonlinearity and asymmetry values of ~3.5 and ~80, respectively. The 
excellent experimental I-V responses achieved for the Nb/Nb2O5/Pt and Nb/TiO2/Pt MIM 
combinations are in good agreement with the prediction made by the hypothesis (Scheme 3.1).  
Comparable results were achieved for a number of different Nb/Nb2O5/Pt and Nb/TiO2/Pt 
samples. In addition to ALD-deposited TiO2, pulsed-laser deposition (PLD) TiO2 was also 
prepared and the resulting MIM structures showed similar rectifying I-V response. In 
comparison, the Nb/Al2O3/Pt and Nb/MgO/Pt MIM systems resulted in poor rectification 
performance as predicted by the hypothesis (refer to Scheme 3.1). In the case of Nb/Al2O3/Pt, the 
I-V response showed an extremely high turn-on voltage (> 5V) and the resulting current was in 
the pA range (see supplemental information, Figure S2). 
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(a)      (b)  





































Figure 3.2: Current-Voltage (I-V) curves of (a) Nb/Nb2O5/Pt and (c) Nb/TiO2/Pt bent-wire 
point-contact MIM structures. The insulator (Nb2O5, TiO2) thickness in (a) and (c) is ~15 nm, 
respectively. Rectification figures of merit, namely the nonlinearity and asymmetry, are plotted 
in (b) and (d) calculated from I-V curves in (a) and (c), respectively.  The inset in (a) shows the 
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Samples with thinner ALD Al2O3 layers (<5 nm) showed breakdown behavior even at 
very low bias voltages (<500 mV). At still lower bias voltages, the I-V response was highly 
symmetric. The Nb/MgO/Pt structures yielded highly unstable I-V responses. The devices did 
not conduct at low bias voltage (<2 V) and at higher voltages showed breakdown behavior. 
Hence, reliable I-V curves were not obtained for either the Nb/Al2O3/Pt or Nb/MgO/Pt systems 
despite the clear evidence of a stable (non-reactive) interface at low bias.  
Since the interface morphology was similar for all systems (Figure 3.1(a-d)), we attribute 
the different I-V responses of the two groups predominantly to the materials properties of their 
insulators. As seen in Scheme 3.1, the expected barrier heights are 3.3 (ΦB1) and 4.65 eV (ΦB2) 
at the Nb/Al2O3 and Al2O3/Pt interfaces respectively while the expected barrier height is only 0.4 
(ΦB1) for both the Nb/Nb2O5 and Nb/TiO2 interfaces. The large barrier heights for the Nb/Al2O3 
and Al2O3/Pt interfaces prevent significant electron transport until a bias voltage on the order of 
the barrier height is applied. At such high bias voltages (> 3 V) the resulting electric field (i.e., 
bias voltage divided by thickness of the insulator layer) reaches the reported breakdown values 
for these insulators. [32,33] For example, a 3 V potential applied over 15 nm of Al2O3 layer 
results in a field of 2 MV/cm, which is on par with the typical breakdown field reported for 
Al2O3. [32]  
Table 3.2: Prospective MIM combinations with material properties, interfacial thermodynamic 





 [eV] [a] 
Thermodynamic 






Hf/TiO2/Pt [c] 3.9 - 3.9 = 0 Reactive interface 
Hf + TiO2 = HfO2 + 
Ti 





Sm/ZrO2/Pt 2.7 - 2.5 = 0.2 Reactive interface 2Sm + 1.5ZrO2 = 
Excellent Poor rectification, 
switching character 
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Sm2O3 + 2Zr 
ΔGrxn, RT= -174 
KJ/mol 
rectification observed. 
Y/ZrO2/Pt 3.1 - 2.5 = 0.6 Reactive interface 2Y + 1.5ZrO2 = 
Y2O3 + 2Zr 





Cr/TiO2/Pt 4.5 - 3.9 = 0.6 Nonreactive, stable 
interface 
Cr + 1.5TiO2 = 
Cr2O3 +1.5 Ti 




Not yet attempted 




Cu + 0.5TiO2 = 
CuO +0.5 Ti 




Not yet attempted 
 
[a] Barrier height (ΦB1) is calculated as ΦB1=ΦM1-χINSULATOR. Material parameter values are 
from literature (see supplemental information); [b] Interface thermodynamic stability is classified 
as being reactive (unstable) if the free energy of the reaction (ΔGrxn) is negative. A nonreactive 
(stable) interface has a positive ΔGrxn. HSC 5.1™ is used for calculating the ΔGrxn; [c] Although 
Pt is chosen as M2, this can be any of the metals that have a work function value greater than Hf 
and closer to Pt but it has to be thermodynamically compatible with TiO2 and shouldn’t form 
detrimental interfacial products. For example, Nb (4.3 eV), Cu (4.65), Au (5.1) Pt (5.65) may be 
employed. Similar is the case for other combinations. 
 
Based on these data presented in this paper, we have identified several prospective MIM 
candidates that have yet to be explored by the MIM community. A list of prospective MIM 
combinations with their respective barrier-height values and the predicted thermodynamic 
stability of the interfaces are summarized in Table 3.2. This list is not exhaustive and has been 
generated within the context of the technical feasibility of layered growth. For example alkali 
and alkaline earth metals (Cs, Ca, Ba and so on) have not been considered because they are 
highly unstable in atmospheric condition, although they are known to have among the lowest 
work function values. [34] Among the five prospective candidates listed in Table 3.2, three MIM 
structures, Hf/TiO2/Pt, Sm/ZrO2/Pt and Y/ZrO2/Pt, were fabricated and analyzed for their I-V 
response. In the case of Hf/TiO2/Pt and Sm/ZrO2/Pt and due to an extremely low barrier height at 
     
  65  
one of the interfaces (ΦB1→ 0; see Table 3.2), a triangular barrier is expected rather than the 
trapezoidal barrier associated with most MIM systems. Although the barrier-height hypothesis 
would predict that these three MIM systems should possess excellent rectification, preliminary I-
V response shows poor rectification characteristics. It should be noted that the bottom metal 
electrodes (Sm, Y and Hf) were not optimized in these initial studies, unlike the case of the Nb 
metal electrode where extensive optimization was carried out. Cross-sectional bright-field TEM 
images of Hf/TiO2 and Sm/ZrO2 are shown in Figure 3.3. The Hf/TiO2 interface was smooth and 
continuous similar to the Nb/TiO2 interface. But both the Hf/TiO2 and the Sm/ZrO2 interfaces 
indicate formation of a native oxide or an interfacial compound between the metal and insulator 
layers. This finding is consistent with thermodynamic analysis (Table 3.2) that predicts highly 
reactive interfaces (ΔGrxn < 0) for all three systems (Hf/TiO2, Sm/ZrO2 and the Y/ZrO2). This is 
in striking contrast to the thermodynamically stable situation (ΔGrxn > 0) for the Nb/Nb2O5 and 
Nb/TiO2 interfaces (see Table 3.1). One potential solution to circumvent the formation of an 
interfacial compound is to deposit an ultra-thin buffer layer (~ 2 to 3 nm) on top of the Hf and 
Sm electrodes (e.g. Ti and Zr, respectively) before the insulator deposition. The other two 
potential candidates listed in Table 3.2 (Cr/TiO2 and Cu/TiO2) have yet to be tried. 
Thermodynamic analysis predicts non-reactive interfaces for these systems and so we believe 
that they offer intriguing promise for future study by the MIM community. However, given our 
more recent set of design criteria, the device performance of Cr/TiO2 and Cu/TiO2 is not 
expected to significantly improve on the Nb/Nb2O5 and Nb/TiO2 based devices performance 
(Figure 3.2, Table 3.1 and Table 3.2).  
The MIM materials selection criteria developed in this study and our previous work 
permit the construction of a conceptual MIM materials-space map, Figure 4, as a way to 
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organize and identify promising MIM materials systems. While it should be noted that this map 
is specifically associated with the DC (rather than ultra-high frequency) rectification 
characteristics of MIM systems, the low-frequency property/performance insights provided by 
this construct can act as a guide for short-listing prospective MIM systems for high frequency 
studies and applications.  

















Figure 3.3: Cross-sectional bright-field high-resolution TEM (HRTEM) images of the (a) 
Hf/TiO2 interface and (b) Sm/ZrO2 interface. From a low magnification image (not shown), the 
thickness of Hf and Sm electrodes are estimated to be around 350 and 45 nm respectively. In 
both (a) and (b), the interfaces look smooth and homogenous, but both interfaces reveal the 
presence of a native oxide or interfacial compound. In the Sm/ZrO2 interface, both a native oxide 
and an interfacial compound (bright layer) appear between the Sm metal layer and the ZrO2 
insulator layer. Energy dispersive spectroscopic (EDS) analysis (not shown) on both  
the native oxide and interfacial compound indicated the presence of Sm, Zr and O species. 
 
Potential MIM materials systems are plotted in Figure 3.4 as a function of the difference 
in work function between the two metals (ΔΦ = ΦM1 – ΦM2) versus the difference in electron 
affinity of the insulator and the work function of one of the metals (χInsulator – ΦM1). The 
horizontal axis (abscissa) correlates most strongly to the turn on voltage, with TOV predicted to 
decrease for MIM systems located increasingly further to the left (i.e., χInsulator – ΦM1 → 0). The 
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vertical axis (ordinate) correlates most strongly with asymmetric rectification (fASYM), with fASYM 
predicted to increase for MIM systems located increasingly higher on the ordinate. MIM systems 
located in the upper left corner of the plot (i.e., those combining a large M1-M2 work function 
difference with an excellent match between the work function of one of the metals and the 
electron affinity of the insulator) are expected to show the best rectification properties. 
Sm/ZrO2/Pt is one such prospective MIM system, which by virtue of its material properties 
occupies the top left corner of the materials space, although it unfortunately appears adversely 
affected by interfacial reactivity as discussed earlier.  
For certain MIM applications, such as energy harvesting, both low TOV and highly 
asymmetric rectification are required. In such applications, the search for optimal MIM materials 
should be restricted to the upper left corner of Figure 3.4. However, for other MIM applications, 
such as in the detection and sensing of infrared signals, the rectifier device can be biased by an 
external source. In such cases, the low TOV restriction is relaxed, opening up additional MIM 
systems along the entire upper portion of Figure 3.4.  
In summary, we have developed and tested an empirical hypothesis that guides the 
selection of insulator materials in a MIM rectifier. The results indicate that the insulator’s 
electron affinity value and the work function of one of the metals should be close so as to 
produce a low barrier height. This produces a MIM device with the desired rectification 
characteristics of maximum asymmetry and nonlinearity while minimizing turn-on voltage. 
These results formed the genesis for the construction of a MIM materials space with specific 
design criteria for the choice of the different MIM constituent materials.  Using this framework, 
several high-potential MIM systems such as Hf/TiO2/Pt, Sm/ZrO2/Pt, Y/ZrO2/Pt, Cr/TiO2/Pt and 
Cu/TiO2/Pt were identified. Experiments on these novel MIM systems both highlight validity of 
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this approach as well as the need to consider other factors such as thermodynamic stability of the 
interface to realize desired device performance metrics. The presented MIM materials space 
together with other factors can potentially serve as an important guideline to choosing materials 
























Figure 3.4: A pictorial scheme of the MIM materials map, a two-dimensional space constructed 
as a function of the difference in work function between the two metals (ΦMetal 1 – ΦMetal 2) 
versus the difference in electron affinity of the insulator and the work function of one of the 
metals (χInsulator – ΦMetal 1). In this scheme, turn-on voltage, symmetric and asymmetric response 
are represented by TOV, Symm. and Asym., respectively. Six MIM combinations are identified 
and placed appropriately in this materials space by markers as following: l (Sm/ZrO2/Pt), ¢ 
(Hf/TiO2/Pt), n (Nb/Nb2O5/Pt and Nb/TiO2/Pt), ★  (Nb/Nb2O5/Nb) and ✩  (Y/Al2O3/Pt). The 
insets show the I-V response of some of the studied MIM systems. MIM systems located towards 
the left on the horizontal axis show low turn-on voltage (Low TOV), a frequently desired MIM 
characteristic. Low TOV is possible since the χInsulator – ϕMetal 1 value is smaller. Highly 
asymmetric response (Asym.) is achieved for MIM systems located in the upper portion of the 
vertical axis. Thus the best overall rectification performance can be achieved for MIM systems 
located in the top left corner of the materials space, e.g. as represented by the Sm/ZrO2/Pt 
prospective MIM system.  
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3.1 Experimental 
 
 Experimental details on materials deposition and characterization involved in fabricating 
and testing the MIM device is provided in this section. 
  
3.1.1 Materials and deposition 
 
The bottom Nb metal layer was deposited via DC sputtering from a 2” Nb target (99.95% 
purity, Alfa Aesar) at a power of 20 W, working pressure of 5 mTorr of argon and a deposition 
time of 60 minutes on a p-type Si substrate with a native SiOx layer. The sample to target 
distance was 10 cm. The sputtering chamber was evacuated to less than 3 E-6 mTorr before film 
deposition. Nb2O5 layer was formed by direct exposure to air (native layer) and by anodic 
oxidation of the underlying Nb layer in a 1M H2SO4 solution for 60 seconds with Pt mesh wire 
as the counter electrode. ALD was used to deposit Al2O3, TiO2, MgO and ZrO2 (see 
supplemental information for more details) also after exposure to air. 
3.1.2 Electrical and materials characterization 
 Details on I-V and materials characterization are provided in the following sub-sections. 
3.1.2.1 I-V characterization: The custom-built I-V station is described in detailed elsewhere. 
[25]. Bias is applied to the Pt bent-wire. Typical DC bias of ± 500 mV and a maximum of ± 10 V 
are used in this study. 
3.1.2.2 Materials characterization: TEM samples were prepared using a FEI Nova 200 dual-
beam workstation with the established FIB/lift-out technique (see supplemental information) and 
the images were taken on a FEI Tecnai F20-UT microscope operating at 200 kV. Spectroscopic 
ellipsometry analysis was done using an M-2000 VASE from J.A. Woollam Co., Inc. (see 
supporting information).  
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3.3 Supplemental information 
S.No. Description 
1 Description about insulator layers deposition 
2 Reference list for the material parameters used in this study 
3 Ellipsometry spectra of Nb/Nb2O5 and Nb/MgO bilayers.  
4 I-V response of Nb/Al2O3/Pt MIM system 




I. Detailed description about insulator layers deposition 
 
Anodic oxidation procedure to grow Nb2O5:  
The bottom Nb layer was the working electrode and a Pt mesh wire serves as the counter 
electrode. Anodic oxidation was done in a 1M H2SO4 solution at 6V for 60 seconds in 
atmospheric conditions to produce a ~14 nm thick Nb2O5 layer. Anodic oxidation of Nb2O5 was 
carefully optimized to yield a reproducible and smooth Nb2O5 layer. The anodic oxidation 
deposition rate was 2.4 nm/V. More detailed description about anodic oxidation is given in 
reference 18 of the main text.  
Atomic layer deposition sequence to grow Al2O3, MgO, TiO2, ZrO2:  
Al2O3, TiO2, and ZrO2 were deposited by atomic layer deposition (ALD) in a viscous-
flow, hot-wall type ALD reactor described in detail elsewhere. [1]  The sequential dosing of 
trimethylaluminum (Al2(CH3)6) and water were used for ALD Al2O3 whereas titanium 
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tetrachloride (TiCl4) and water were used for ALD TiO2. Zirconium oxide was deposited using 
zirconium tetra tert-butoxide (Zr[OC(CH3)3]4) and water. The aluminum and titanium metal 
precursors were maintained at room temperature during deposition whereas the zirconium 
precursor was heated to 70°C to achieve sufficient vapor pressure. Ultra high purity (UHP) grade 
N2 was used as the carrier gas during the deposition. The reactor base pressure was maintained at 
one Torr during deposition. The chemistries of ALD Al2O3, TiO2, and ZrO2 are well studied and 
understood and have been shown to result in high quality films. [2,3,4] All oxides are expected 
to be in amorphous state for the deposition temperatures used. [2,4,5]  
 
(1) J. W. Elam, M. D. Groner, S. M. George, Rev. Sci. Instrum. 2002, 73, 2981 
(2) R. L. Puunrunen, J. Appl. Phys. 2005, 97, 121301 
(3) S. I. Koltsov, Zhurnal prikladnoi khimii. 1970, 43, 1956 
(4) K. Kaupo, M. Ritala, M. Leskelä, Chem. Vap. Dep. 2000, 6, 297 
(5) J. Aarik, A. Aidla, T. Uustare, V. Sammeleselg, J. Cryst. Growth. 1995, 148, 268 
 







several Michaelson, H. B. (1950). Work functions of the 




1 eV Robertson, J et al., (2006). Band offsets of high K 
gate oxides on III-V semiconductors. Journal Of 
Applied Physics, 100(1), 014111–014118. 
MgO electron 
affinity (χMgO) 
0.8 eV Ullah, S. et al., (2009). Ion-induced secondary 
electron emission from MgO and Y2O3 thin films. 




3.9 eV Eliasson, B. J. (2001). Metal-insulator-metal diodes 
for solar energy conversion (p. 434). PhD Thesis 
TiO2 electron 
affinity (χTiO2) 
3.9 eV Yoon, J.-W. et al., (2005). Dispersion of nanosized 
noble metals in TiO2 matrix and their photoelectrode 
properties. Thin Solid Films, 483(1-2), 276–282. 
doi:10.1016/j.tsf.2005.01.006 
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ZrO2 electron 
affinity (χZrO2) 
2.5 eV Robertson, J et al., (2006). Band offsets of high K 
gate oxides on III-V semiconductors. Journal Of 
Applied Physics, 100(1), 014111–014118. 
 
 
III. Ellipsometry  
 




Figure S1 (a): Optical models employed for materials multiple structure analysis. Errors in the 
MgO and Nb2O5 thicknesses are 0.13 and 0.93 nm respectively.  
 
 
1(b). Ellipsometry parameters and refractive indices of MgO and Nb2O5 
 
Thicknesses and optical constants (n and k) of each layer (Nb, Nb2O5, MgO) are determined by a 
point by point fitting to the measured ellipsometric parameters Ψ ( Psi) and Δ (Delta) values as 
well by modeling the data using either Cauchy model for MgO  or Gauss-Lorentz (low energies) 
and Tauc-Lorentz (high energies) for both Nb and Nb2O5 (to verify the optical constants obtained 
by point by point fitting). The measurements of Ψ and Δ were carried out in the UV-visible 
range from 190-1000 nm at three incidence angles: 65º, 70º, and 75º, using an M-2000 VASE 
from J.A. Woollam Co., Inc. 
 Experimental and fitted curves for the Psi and Delta spectra for MgO and Nb2O5 layer 










Nb2O5 # #13.87nm##(a)# (b)#
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Figure S1 (b): Experimental (green crossed line) and fitted (red solid line) for the Psi and Delta 
spectra at the shown angles (from point by point fitting) and optical constant of MgO (a, b and c 














Figure S2: I-V response of Nb/Al2O3/Pt is highly unstable and hard to measure. This is one rare 
measurement where the device did not break down and fail catastrophically. The device shows a 
high turn-on voltage and low current magnitudes. Thickness of Al2O3 is around 13 nm. Figures 
of merit (fNL and fASYM) indicate poor rectification characteristics. Experiments were done with 5 
nm of Al2O3, but the device breaks down due to the high electric field reached even at small-






































































































ΧAl2O3     = 0.8 eV
ϕNb/Al2O3 = 3.5 eV
ϕPt/Al2O3  = 4.85 eV
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V. Description about TEM sample preparation: 
 
  The TEM instrument is equipped with a gas injection system (GIS) based on a Pt organic 
precursor and deposition is possible with both the electron and ion beams.  In order to preserve 
the integrity of the film at the sample surface, a protective Pt bar was deposited first with the 
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CHAPTER 4 
 




 This chapter presents results of band-offset measurements at select metal/insulator 
interfaces via photoemission spectroscopy and the construction of band-diagrams for select MIM 
structures. Basic working principle of photoemission spectroscopy and the layout of the cluster 
tool in this study are given in Appendix B. In this chapter, the band-offset values of select 
metal/insulator interfaces are presented and their interfacial chemistries are discussed. Based on 
the band-offset values, a band-diagram is constructed for each of these MIM systems. These 
band-diagrams then provide a basis for understanding their I-V response. Excellent consistency 
is observed between the constructed band-diagrams and their I-V responses.  
 
4.1 Discussion on representative interface experiment 
 The methodology involved in calculating the barrier height values at hetero-interfaces via 
the interface experiment using photoemission spectroscopy is shown in Figure 4.1 and 4.2 using 
the Nb2O5/Cu interface as a representative example. The following nomenclature is used 
throughout this chapter. The term “underlayer” indicates the bottom layer constituting the 
interface while the “overlayer” indicates the top layer that is sequentially deposited.  
 The important requirement for an interface experiment is the availability of a pristine 
surface termination for both the underlayer and overlayer that constitute the hetero-interface. 
[1,2] The surface should be free of adventitious carbon and other OH groups that are 
omnipresent in ambient atmosphere and deleterious in the analysis of photoemission spectra. In 
the case of Nb2O5/Cu (underlayer/overlayer) hetero-interfaces, Nb2O5 was deposited by anodic 
     
  78 
oxidation of sputter-deposited Nb layer in an electrolyte solution of 1M H2SO4 at atmospheric 
condition on a Si substrate. [3] The estimated thickness of the Nb2O5 is ~15 nm. Prior to 
overlayer deposition (Cu), an anodized Nb2O5 layer is vacuum annealed at the optimized 
condition of 400°C for 35 minutes under 1E-3 mbar of O2.  This annealing step is  
 
 
Figure 4.1: Schematic representation showing the methodology used in a typical interface 
experiment using photoemission spectroscopy to measure band-offsets at hetero-interfaces. The 
underlayer constitutes the bottom layer of the hetero-interface, whereas the overlayer represents 
the top layer. Sequential deposition of the overlayer and measurement of XPS after each 
sequence till the underlayer photoemission signals are completely attenuated defines the 
interface experiment. By following the chemical shifts of the corresponding elements’ binding 
energy while depositing the overlayer, the band bending is monitored and eventually the band-
offset (barrier height) value is measured.  
 
optimized to achieve a pristine surface clean of adventitious carbon. The chemical composition 
of the post-annealed Nb2O5 surface is analyzed by recording the survey scan and Nb 3d and O1s 
core-level photoemission lines using an X-ray source of 1486.6 eV (“sequence 0” in Figure 4.1).  
The Nb 3d photoemission peak is centered at 207.7 eV, consistent with the expected value (207.2 
to 207.8 eV) for the Nb5+ oxidation state in Nb2O5 (“sequence 0” in Figure 4.2). [4] This 
confirms the chemical state of the post-annealed sample to be Nb2O5. But at the same time, the 
survey scan and the wide-scan for C 1s (not shown here) revealed the absence of carbon and 
other carbon-related adventitious groups. After the vacuum annealing, the Nb2O5 underlayer is 
never exposed to the open atmosphere until the entire interface experiment is completed, 

























Sequence repeated untill underlayer 
signal attenuates
Overlayer thickness linearly 
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Figure 4.2: X-ray photoelectron spectra showing the interface experiment sequences to measure 
the barrier height of the Nb2O5/Cu hetero-interface. Nb2O5 and Cu are the underlayer and 
overlayer, respectively. The first step, represented as “Sequence O”, investigates the deposited 
underlayer (Nb2O5) for the valence band, Nb 3d, and O 1s photoemission signals. Nb2O5 was 
deposited (~15 nm thick) by anodic oxidation under atmospheric conditions. A vacuum 
annealing process precedes the photoemission measurement to ensure a carbon and hydroxyl 
group free surface. From the valence band emission, the valence band maximum of the Nb2O5 
layer is measured. The Nb 3d and O1s peak positions correspond to the stoichiometric Nb2O5 
chemical state. 
 
 The first step, termed “Sequence 0” in Figure 4.2, is comprised of recording the valence 
band maxima of the Nb2O5 layer and also the reference Nb 3d and O 1s lines (wide-scan) before 
the commencement of the overlayer deposition process (Cu in this case). The valence band 
maxima (VBM) is obtained by scanning binding energies with a pass energy range of -2 to + 12 
eV. The core-level photoemission lines are acquired by scanning with pass energy closer to the 
expected energy range. For example, in the case of the Nb 3d line, the pass energy is 198 to 214 
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the leading edge of the valence spectra with the binding energy scale. This extracted value is also 
corrected for the chemical shifts of the spectrometer calibration done by measuring a pure Ag or 
Au metal film.  
 After “sequence O”, the sample is transferred to the sputtering chamber to start the 
sequential deposition of Cu— the overlayer (“sequence 1” in Figure 4.2). In “sequence 1”, 
approximately 0.1 nm of Cu is sputter deposited on top of the Nb2O5 after which the sample is 
again subjected to XPS analysis (Figure 4.1) to record Nb 3d, O 1s and Cu 2p photoemission 
lines (Spectra in “Sequence 1” in Figure 4.2). These XPS spectra already show a slight chemical 
shift in the Nb 3d and O 1s peaks to higher binding energy, while the Cu 2p peaks are already 
clearly visible, confirming the presence of Cu. In the next step, termed “sequence 2” (not shown), 
the sample is transferred back to the sputtering chamber to deposit ~ 0.2 nm (2 times the 
thickness of last sequence) of Cu. The Nb 3d, O 1s and Cu 2p lines are measured again. Likewise 
in “sequence 3”, 0.4 nm of Cu is deposited and XPS analysis is performed. In “Sequence 4”, 
shown in Figure 4.2, ~ 0.8 nm (2 x 0.4 nm) of Cu is sputtered. At the end of this sequence, the 
total thickness of the Cu layer is ~ 1.5 nm (= 0.1 + 0.2 + 0.4 + 0.8). The XPS spectra of Cu 2p 
line show the evolution of the peaks in each sequence. The Nb 3d and O 1s signals, although 
decreasing in intensity, are still seen (“sequence 4” in Figure 4.2). But now, the peak positions 
have retraced back to the reference positions (Nb5+ oxidation state) after shifting to higher 
binding energy in sequences 1-3. This phenomenon could be due to the local disorder or 
screening of charges caused by possible dissolution of Cu into the Nb2O5. This trend has, in fact, 
been commonly encountered in other similar studies and is not understood entirely. [2]  
Sequential deposition of Cu and XPS analysis is carried out until the Nb 3d and O 1s signals are 
completely attenuated. In “sequence 9” (Figure 4.2), the Nb 3d and O 1s signals are completely 
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attenuated and the Cu 2p peak is stable at its maximum intensity. This completes the interface 
experiment.  
4.1.1. Extraction of band-offset (barrier height) from the interface experiment 
 The change in the peak positions of the core-lines, namely the Nb 3d, O 1s and Cu 2p 
positions as a function of Cu thickness, are used together with the VBM value of Nb2O5 
determined in “sequence 0” (Figure 4.2) to calculate the term EF - EVB, where EF and EVB are the 
reference Fermi and valence band maxima energy levels, respectively. The evolution (band 
bending) of the valence band maxima and core-level energy levels with respect to the reference 
Fermi level have the same magnitude and direction. Hence, the changes in core-level energy 
levels (as the overlayer is sequentially deposited) can be represented conveniently by plotting the 
evolution of change in energy difference between EF and EVB as a function of Cu thickness or 
deposition time. Linear and semi-logarithmic plots of EF-EVB versus Cu thickness are shown in 
Figure 4.2 (rightmost column) for the Nb 3d, O 1s and Cu 2p signals. From the plots, the 
following observations can be made: 
(i) The Nb 3d and O 1s peak positions overlay and track each other up to a Cu thickness 
of ~2 nm. This indicates that there is very little chemical mixing (interaction) between 
the underlayer Nb2O5 and the deposited Cu.  
(ii)  Beyond 2 nm of Cu deposition, the peaks do not overlay on top of each other, 
indicating a different chemical association of the Nb 3d and O 1s photoelectrons. This 
is evident with the presence of the O 1s signal in “Sequence 9” even when the Nb 3d 
is completely attenuated after ~ 15 nm of total thickness of Cu. This phenomenon can 
be potentially explained via two alternative hypotheses. Firstly, the oxygen in Nb2O5 
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layer may diffuse upward to the Cu surface, or alternatively, oxygen from the vacuum 
chamber may adsorb onto the freshly prepared Cu surface.  
(iii) The Cu signal matches well with the metallic copper and not to copper oxide, highly 
suggestive of the oxygen impurity (e.g. OH-) on the surface rather than as copper 
oxide. 
EF-EVB value of 3 eV is measured from the separation of the Cu 2p and Nb 3d signals after 
signal saturation. The band-gap value of 3.6 eV from the literature is used for Nb2O5. [5,6] 
Thus, as shown in Figure 4.2, from the EF-EVB value and the band-gap (Eg) of Nb2O5, the 
electronic barrier height or band-offset (Eb) for Nb2O5/Cu interface is calculated as: 
 Eb = Eg – EF-EVB. In the case of Nb2O5/Cu interface, the Eb value is calculated as 0.6 eV.  
 
4.2 Band-diagrams and band-offsets of Nb/Nb2O5 (M1/I) based interfaces but with 
different metal 2 (M2) 
 In Chapter 2, a systematic investigation to understand the influence of the work function 
difference between the two metals (M1 and M2) in a MIM stack was reported. The study 
revealed that the device performance depended on the work function difference but had a step-
function relation. When work function difference values are less than ~ 30 meV the device 
performances were poor (low asymmetry and nonlinearity) whereas when the values were 
greater than 300 meV the device performances improved drastically (high asymmetry and 
nonlinearity). Measuring band-offsets and thereby constructing reliable band-diagrams for these 
MIM devices would corroborate this finding and help understand the I-V response. Select 
metal/insulator interfaces were subjected to band-offsets measurements and are summarized in 
Table 4.1 together with the interface preparation methods used and their measured band-offset 
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values. Some of the interfaces listed in Table 4.1 and their corresponding band-offset values are 
discussed in the following sections. 
4.2.1 Band-offset measurements at the Nb2O5/Ti (underlayer/overlayer) interface 
 In this section, the investigation of the Nb2O5/Ti interface will be discussed. As described 
above, to ensure a contamination free surface, the underlayer Nb2O5 was vacuum annealed (see 
section 4.1) prior to step-wise deposition of the overlayer. To verify the surface condition, a 
survey scan of x-ray photoelectron spectra (XPS) was recorded after the vacuum annealing 
(Figure 4.3). The survey-scan shows signals only from Nb and O. Importantly, adventitious 
carbon, omnipresent in any XPS analysis, is notably absent, confirming the contamination-free, 
pristine surface. A XPS valence band spectrum was recorded (Figure 4.4) to measure the 
valence band maxima (VBM) position of the Nb2O5 layer prior to Ti deposition. 
 The VBM spectra was recorded with a pass energy of -2 + 12 eV around the reference 
Fermi level. As explained in section 4.1, VBM position is obtained by a linear intersection of 
valence band leading edge to the binding energy scale as shown in Figure 4.4. The measured 
VBM position for the vacuum annealed anodized Nb2O5 layer referenced to the Fermi level is 
3.2 eV. The same VBM position (3.2 eV) is reported in Figure 4.2 for a different Nb2O5 sample 
prepared in the same condition. This is indicative of the excellent reproducibility achieved in 
preparing a pristine and stoichiometric Nb2O5 layers over the course of this study. This 
reproducibility is essential for a systematic comparison of band-offsets between Nb2O5 and other 
metals.  
 Sequential deposition of Ti was done similar to the case of the Nb2O5/Cu interface 
explained in section 4.1. A wide scan XPS spectra of the final sequence of the Nb2O5/Ti interface 
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is shown in Figure 4.5. The Nb 3d signal shows a striking difference in Nb2O5/Ti compared to 
the Nb2O5/Cu interface. 
Table 4.1: Metal/insulator interfaces investigated for band-offset measurements and their 
respective values measured via photoemission based interface experiments. 
 













Ti: Sputtered [b]; No exposure 
to atmosphere 
DC sputtering at RT: 
15 W/10 sccm/3.3E-3 
mbar/0.3 Å/s 





Nb: Sputtered [b]; No 
exposure to atmosphere 
DC sputtering at RT: 
20 W/10 sccm/3.3E-3 
mbar/0.4 Å/s 





Cu: Sputtered [b]; No 
exposure to atmosphere 
RF sputtering at RT: 
15 W/10 sccm/5E-3 mbar/0.5 
Å/s 





Pt: Sputtered [b]; No exposure 
to atmosphere 
DC sputtering at RT: 
15 W/6.6 sccm/5E-3 mbar/2 
Å/s 
3.2 3 0.6 
Nb/Nb2O5 Nb: Sputtered 




Nb2O5: Multiple samples 
anodized to different Nb2O5 
thickness and was exposed to 
exposure before 
measurement; No vacuum 
annealing 
3.4 3.5 0.1 
[a] Before band-offset measurements, the underlayer (Nb2O5) was vacuum annealed at a 
substrate temperature of 400°C for 35 minutes under 1x10-3 mbar O2 atmosphere. After 
annealing, the samples were never exposed to atmosphere and were handled in an ultra-high 
vacuum atmosphere. [b] Pre-sputtering was done before sputtering to condition the targets. 
Typical pre-sputtering conditions were: 30 W/10 sccm/5x10-3 mbar Ar/3 hrs. [c] VBM stands for 
valence band maxima position of the insulator layer. VBM values are extracted from the XPS 
valence band XPS measurements with a pass energy of -2 to + 12 eV around the reference Fermi 
level. A straight line extrapolated to the binding energy scale (x-axis) from the leading edge of 
the valence band spectra defines the VBM value. [d] Band-offset values were calculated from the 
difference of insulator’s band-gap value (3.6 eV for Nb2O5) and EF-EVBM value. Thus, Band-
offset = (Band gap - EF-EVBM). 
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 Here, in Figure 4.5 (a), the Nb 3d spectra shows the appearance of a new secondary peak at 
lower binding energy after ~ 0.1nm of Ti deposition in addition to the peak corresponding to the 
Nb5+ oxidation state at 207.6 eV (dotted line).  This change clearly indicates that as Ti deposits 
onto Nb2O5 surface, it partially reduces the Nb2O5 to form NbOX with an Nb oxidation state 
lower than +5. The new secondary peak position saturates at around 203.4 eV after about 0.6 nm 
of Ti layer thickness. The expected Nb 3d5/2 peak position for Nb in NbO (i.e. the Nb2+ oxidation 
state) is in the range of 202.8 to 204.6 eV. [4] Thus, the new secondary peak could be due to the 
reduction of Nb2O5 to NbO.  
 Thus, in contrast to the Nb2O5/Cu interface, the Nb2O5/Ti interface is highly reactive. The 
Ti 2p3/2 signal shown in Figure 4.5 (c) shows an initial shift towards higher binding energy 
compared to the expected metallic Ti peak position at 454.1 eV. [4] Only after about 5.1 nm of 
Ti does the Ti peak position saturate at the metallic Ti peak location indicated by the dotted line 
in Figure 4.5 (c). The expected Ti 2p3/2 signal for Ti in TiO2 is 458.8 eV. [4] Between 0.1 nm to 
5.1 nm of Ti thickness, the Ti could be partially oxidized to TiOX, where 1<x<2. At the near 
vicinity of the interface between Nb2O5 and Ti, there could therefore be a mixed oxide 
composition. Nb-doped TiO2 is a well-known prospective transparent conductive oxide, 
indicating the feasibility of a mixed Ti/Nb-oxide composition at this interface. Hence the 
interface experiment suggests that the Nb2O5/Ti interface should instead rather be thought of as 
Nb2O5/Nb-Ti-O/Ti interface.  
 The evolution of the Nb 3d, O 1s and Ti 2p lines is summarized in Figure 4.6 as a function 
of the Ti layer thickness. The core-level binding energies are referenced to the valence band 
maxima position of the vacuum annealed Nb2O5 layer, after applying appropriate offset values.  
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Figure 4.3: XPS survey spectra of a vacuum annealed Nb2O5 layer, grown by anodic oxidation 
of a sputtered Nb thin film. After anodic oxidation, the Nb2O5 layer was subjected to vacuum 
annealing at 400°C for 35 minutes under 1x10-3 mbar O2 atmosphere. Vacuum annealing was 
done to ensure a pristine Nb2O5 layer with no adventitious carbon or other surface impurities. 
The peaks correspond only to Nb and O signals and are free of contamination.  
 
 
Figure 4.4: X-ray photoelectron valence band spectra of a vacuum annealed Nb2O5 underlayer 
measured prior to overlayer deposition. The valence band maxima (VBM) position is obtained 
by a linear line intersection of the valence band leading edge to the binding energy scale. In this 
example, the VBM position is determined to be 3.2 eV. 
 
Although there is slight ambiguity in the accurate determination of EF-EVB since the signals 
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Figure 4.5: Wide scan of (a) Nb 3d, (b) O 1s and (c) Ti 2p core-levels recorded before and after 
step-wise deposition of a Ti (overlayer) on a vacuum annealed Nb2O5 underlayer. The spectra are 
plotted as a function of the Ti layer thickness expressed in nm. The dotted line in (a) is located at 
207.6 eV and lies within the expected value of Nb 3d5/2 signal in Nb2O5 (207.2 to 207.8 eV). The 
secondary peak arising in the lower binding energy side after 0.1 nm of Ti deposition stabilizes 
at around 203.4 eV. The dotted line in (c) is located at 454 eV and lies within the expected value 
of Ti 2p signal in metallic Ti (454.1 eV). 
 
 The barrier height value for the Nb2O5/Ti interface is ~ 0 eV. In other words, there is an 
almost perfect alignment of the conduction minima of Nb2O5 and the Fermi-level of Ti, resulting 
in a zero band-offset. This phenomenon could perhaps be due to the presence of the mixed and 
possibly conductive Nb-Ti-O interface formed in this system. 
 4.2.2 Band-offset measurements at the Nb2O5/Pt (underlayer/overlayer) interface 
 The evolution of the Nb 3d, O 1s and Pt 4f core-level signals as a function of Pt thickness 
is given in Figure 4.7. The VBM position of the Nb2O5 underlayer is again determined to be 3.2 
eV as in the other interfaces. The Nb 3d peak position did not show any drastic shift or any 
prominent secondary peaks, in contrast to the case of the Nb2O5/Ti interface. 
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Figure 4.6: Evolution of the core-level (Nb 3d, O 1s and Ti 2p) lines as a function of a Ti layer 
thickness that is step-wise deposited on a vacuum annealed Nb2O5 underlayer. The core-level 
binding energies are referenced to the valence band maxima position of the vacuum annealed 
Nb2O5 layer, after applying appropriate offset values. An EF-EVB value of ~3.6 eV is observed 
for the Nb2O5/Ti (underlayer/overlayer) interface. 
 
However, the Nb 3d peak did show a shoulder indicative of a subtle secondary peak at about 0.3 
nm of Pt deposition (Figure 4.7 (a)). At the same instances, the Pt 4f peak shows a shift to higher 
binding energy relative to the metallic Pt peak at 71 eV. Although Pt is widely believed to be 
very inert and non-reactive, there are several reports on PtO2 and other oxides (PtOX). [7] It 
could be that 0.3 nm represents the thickness at which a uniform Pt surface coverage over the 
Nb2O5 interface is achieved, which might then lead to a slight reduction of Nb2O5 surface and 
oxidation of the Pt.  
 At about 0.6 nm of Pt thickness, the Pt 4f5/2 peak (71 eV) matches closely with the 
expected metallic Pt position (71.2 eV). [4] The oxygen signal (O1s) shown in Figure 4.7 (b) is 
relatively stable at about 531.5 eV but shifts slightly to lower binding energy with Pt thickness 
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Figure 4.7: Wide scan of (a) Nb 3d, (b) O 1s and (c) Pt 4f core-levels recorded before and after 
step-wise deposition of a Pt (overlayer) on a vacuum annealed Nb2O5 underlayer. The spectra are 
plotted as a function of the Pt layer thickness expressed in nm. The dotted line in (a) is located at 
207.6 eV and lies within the expected value of the Nb 3d5/2 signal in Nb2O5 (207.2 to 207.8 eV). 
The dotted line in (c) is located at 71 eV and lies within the expected value of metallic Pt (71.2 
eV).  
 
Figure 4.8: Wide scan of (a) Nb 3d, (b) O 1s and (c) Pt 4f core-levels recorded before and after 
step-wise deposition of a Pt (overlayer) on a vacuum annealed Nb2O5 underlayer. The spectra are 
plotted as a function of the Pt layer thickness expressed in nm. The dotted line in (a) is located at 
207.6 eV and lies within the expected value of the Nb 3d5/2 signal in Nb2O5 (207.2 to 207.8 eV). 




























212 208 204 200
Binding Energy [eV]
540 536 532 528
 Binding Energy [eV]
80 78 76 74 72 70 68
Binding Energy [eV]
a) b) c)
























     
  90 
  The evolution of the Nb 3d, O 1s and Pt 4f signals are plotted in Figure 4.8 as a function 
of Pt thickness. As seen in Figure 4.8, the Nb 3d and O 1s signals track each other well at lower 
Pt thickness and deviate at higher Pt thickness. The Pt 4f peak saturates at about 2 nm of Pt total 
thickness. The measured EF-EFB value, measured at the saturated levels of the Nb 3d and Pt 4f 
signals, is 3 eV as shown in Figure 4.8. Thus the electronic barrier height for the Nb2O5/Pt 
interface is calculated as 0.6 eV with 3.6 eV as the Nb2O5 band gap. This measured Nb2O5/Pt 
interface is much lower than that which would be estimated from the electronic affinity rule. As 
per this rule, the barrier height at metal/insulator interfaces can be estimated as the difference 
between the metal work function and insulator’s electron affinity value. For Nb2O5/Pt, as per the 
electron affinity rule and literature values for work function and electron affinity, the barrier 
height value should be 5.65 (Pt work function) – 3.9 (Electron affinity of Nb2O5) = 1.75 eV. 
[8,9] The measured value is 0.6 eV. This is particularly significant since it indicates that the 
electron affinity rule cannot be used with good accuracy in MIM modeling studies for all 
metal/insulator systems. In fact, the measured value of 0.6 eV is the same as the measured band-
offset value for the Nb2O5/Cu interface. The closely similar I-V responses measured for 
Nb2O5/Cu and Nb2O5/Pt interfaces as detailed in Chapter 2 coincides perhaps not so 
unexpectedly, then, with this observation. Similar agreements with other metal/insulator 
interfaces and their observed I-V responses are compared in the next section by constructing a 
complete set of band-diagrams for a number of MIM systems.  
 
4.3 Construction of band diagrams for select MIM systems 
 Based on the measured barrier height values at metal/insulator interfaces, band-diagrams 
are constructed as shown in Figure 4.9. Constructed band-diagrams are compared with their 
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measured I-V response in order to help verify the two major selection criteria proposed in this 
thesis work. The proposed selection criteria guides the choice of metal pairs based on their work 
function difference value, and guides the choice of the insulator based on the work function of 
the metals vs. the electron affinity of the insulator. These two selection criteria comprise material 
design guideline to select the right material combinations for potential MIM stacks.  
 
Figure 4.9: Comparison of the I-V response and the corresponding band-diagram constructed 
from the band-offset measurements done using photoemission spectroscopy. The section on the 
left shows representative MIM systems to demonstrate the metal-pair selection criteria proposed 
in this thesis work. The corresponding band-diagrams are shown at the bottom. Similarly MIM 
systems illustrating the insulator selection criteria proposed in this thesis work are shown on the 
right together with their band-diagrams. In the band-diagrams, the barrier height values marked 
in grey correspond to the values calculated from electron affinity rule using data available in 
literature, while the values in blue were measured via photoemission spectroscopy as discussed 
in this chapter. 
  
 It should be noted that in an ideal MIM system without considering the image forces, 
numerically, work function difference (Δψ) and barrier height difference (ΔΦ) at the 
metal/insulator interfaces are essentially the same. (see Figures 1.5 and 1.6 in Chapter 1). In 
Figure 4.9, the MIM systems chosen to illustrate the metal pair selection criteria are 
Nb/Nb2O5/Nb and Nb/Nb2O5/Pt. Nb/Nb2O5/Nb shows a symmetric I-V response (Figure 4.9), 
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from their metal pair work function differences.  The band-diagram constructed for both the 
systems agrees perfectly with their I-V responses. For Nb/Nb2O5/Nb system, not previously 
discussed in this chapter, the barrier height at both interfaces is 0.1 eV. It should be noted that in 
this system, two different interface experiments were done to verify this conclusion. As 
previously discussed for other interfaces, in Nb2O5/Nb interface experiment Nb2O5 is the 
underlayer and Nb was the sequentially deposited overlayer. Then, in a second experiment, the 
barrier height of the Nb/Nb2O5 interface was measured with Nb as the underlayer and Nb2O5 as 
the overlayer with sequential deposition. Both experiments yielded a barrier height or band-
offset value of 0.1 eV, perfectly in alignment with the observed symmetric I-V response.  
 The Nb/Nb2O5/Pt system exhibited high asymmetry and non-linearity (Figure 4.9). The 
band-diagram for the system revealed asymmetric barrier height values of 0.1 eV for the 
Nb/Nb2O5 interface and 0.6 eV for the Nb2O5/Pt interface. Provided in Figure 4.9 are also the 
expected values using electron affinity rule. Note particularly in the case of Nb2O5/Pt system that 
the expected value (1.75 eV) is much higher than the measured value of 0.6 eV. This discrepancy 
could arise from the fact that the electron affinity value of Nb2O5 used from the literature does 
not correctly reflect the anodically grown Nb2O5 used in this study. Other factors could include 
possible Fermi-level pinning, which is not accounted for in the electron affinity rule. So to 
ensure the accuracy of the measured Nb2O5/Pt barrier height, this particular interface experiment 
was repeated with a newly grown Nb2O5/Pt interface and a value of 0.5 eV was obtained. In this 
latter case, the Nb2O5 was not subjected to vacuum annealing and this could explain the 
difference of 0.1 eV. Generally, the uncertainty noticed in the final barrier height values for all 
systems is around ± 0.1 eV.  
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 As another side note, the Nb2O5/Cu interface also yielded a barrier height value of 0.6 eV. 
As seen in Chapter 2, the I-V response and the rectification performance of the Nb/Nb2O5/Pt and 
Nb/Nb2O5/Cu systems were statistically very similar. It is perhaps not too surprising, then, that 
the band-diagrams obtained from the interface experiments detailed in this chapter are quite 
similar as well.  
 To illustrate the second selection criteria to help choose the right metal/insulator pair, two 
MIM systems namely Nb/Al2O3/Pt and Nb/Nb2O5/Pt are chosen. The former is chosen as per the 
proposed hypothesis that having a high barrier height at both the interfaces should reduce the 
current transmission probability and result in poor MIM performance, while the latter is chosen 
with a favorable low barrier height at one interface combined with a desirable difference in work 
function between the two metals (Nb and Pt) so that it should yield good MIM performance. The 
measured barrier height and the band-diagram of the Nb/Al2O3/Pt system show barrier height 
values greater than 3 eV for both interfaces. In these interfaces, a range of barrier height values is 
provided because the core-level signals did not saturate. Nevertheless, the barrier height values 
are significantly higher than the Nb/Nb2O5/Pt system. Thus, the band-offset measurements for 
these systems (Nb/Nb2O5/Pt and Nb/Al2O3/Pt) again support the proposed criteria to select 
metal/insulator pairs in such a way to yield a low barrier height in at least one of the interfaces in 
the MIM stack. 
 Throughout this thesis, an ideal MIM band structure (with trapezoidal or triangular shape) 
is assumed. But it is critical to note that the practical MIM device will deviate from very little to 
significant change from the ideal picture presented in this thesis. Appendix C summarizes some 
of the important factors that are responsible for this deviation from the ideal picture.  
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To summarize, the band-diagrams constructed from the interface experiments detailed in 
this chapter support the two major material selection rules developed in this thesis. In addition to 
supporting these hypotheses, the interface experiments in some cases revealed crucial 
information about the interfacial chemistry of certain interfaces and their evolution.  
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Chapter 5 
SUMMARY AND FUTURE WORK 
 
This chapter summarizes the critical knowledge gained in this work and presents 
important observations and future recommendations. 
 
5.1 Summary 
I have carried out systematic studies to develop materials design guidelines for metal-
insulator-metal (MIM) high-frequency rectifiers. The intended applications for these MIM 
structures are solar energy harvesting and infrared sensors or cameras. Although significant 
effort in recent years has gone into MIM device development and the coupling of MIM rectifiers 
to antennas in order to absorb and rectify high frequencies, few fundamental studies have sought 
to explore and analyze the influence of basic MIM materials properties on device performance. 
This has been the core-focus of my PhD thesis work. 
Chapter 2 described studies that I conducted to first understand the role of the work 
function difference between the metal pair chosen for the MIM stack. Nb/Nb2O5 was employed 
as a model bilayer system for these studies while a bent-wire made of different metals served as 
the metal 2 component. By employing this facile bent-wire point-contact architecture, a number 
of different metal combinations could be rapidly and reliably studies and it was shown that the 
device performance demonstrated a step function dependence on the work function difference 
between the metals. This finding was contrary to the conventional belief that the work function 
between the two metals should be as high as possible to ensure good rectification performance. 
In this study, it was observed that the rectification performance (asymmetry and non-linearity) 
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showed symmetric (“S” shaped I-V response) with asymmetry and non-linearity values around 1 
for devices with work function differences of less than ~ 25 meV.  Systems with such response 
include Nb/Nb2O5/Nb, Nb/Nb2O5/Ti, Nb/Nb2O5/Zr and Nb/Nb2O5/Hf (Table 2.1 reproduced 
here). In contrast, devices with work function differences above ~300 meV showed remarkable 
asymmetry (102 to 103) with non-linearity values around 6 to 8. In this asymmetric regime, the 
device performances were statistically similar between all  
devices (Nb/Nb2O5/Cu, Nb/Nb2O5/Ag, Nb/Nb2O5/Au and Nb/Nb2O5/Pt). This crucial 
observation opens up the possibility of considering a broader range of material choices for 
fabricating high-frequency rectifiers without compromising performance.  














[a] Work function values are obtained from [21]. Δϕ = ϕ 2 – ϕ 1, where ϕ 1 and ϕ 2 are the work 
function values of metal 1 (Nb) and 2, respectively. [b] Work function of Nb and Ag are 
measured using Kelvin Probe technique. [c] Devices with their asymmetric values below and 
above the cutoff value of two are qualitatively classified as symmetric and asymmetric, 
respectively. See Figure 2.3(a). 
 
For example, instead of Au, which is difficult to pattern and deposit, Cu and Ag can 
likely be used with ease. Also for architectures where one of the metal layers acts as an antenna, 
Metal 1-insulator-metal 2 
configurations 
Work function difference 
between metal 1 (Nb) and 
metal 2, Δϕ = ϕ2- ϕ1 [eV] 
[a] 
Qualitative 
classification of the 
MIM devices [c] 
Nb-Nb2O5-Hf -0.4 Symmetric 
Nb-Nb2O5-Zr -0.25 Symmetric 
Nb-Nb2O5-Nb 0 [b] Symmetric 
Nb-Nb2O5-Ti 0.03 Symmetric 
Nb-Nb2O5-Cu 0.35 Asymmetric 
Nb-Nb2O5-Ag 0.4 [b] Asymmetric 
Nb-Nb2O5-Au 0.8 Asymmetric 
Nb-Nb2O5-Pt 1.35 Asymmetric 
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or for architectures utilizing plasmonic coupling, Au and Ag would be better choices than of Pt 
because of their better plasmonic character and higher mean free path.  
 In summary, the results presented in chapter 2 clearly present a materials design criteria 
for choosing the candidate metal components in a MIM structure. The proposed material design 
criterion overthrows conventional wisdom and is thereby expected to have an impact on the 
entire MIM research community. Reflecting this excitement, the results in chapter 2 were 
published in Advanced Materials after rapid review and acceptance. 
 In Chapter 3, a corollary to chapter 2, multiple insulator candidates were examined with 
an aim to understand the role of the insulator layer on device performance. This study couples 
with the results from chapter 2 to provide a complete set of design criteria for all three materials 
components in an MIM stack. The insulators studied included Al2O3, NiO, TiO2, ZrO2, MgO, 
and Nb2O5. All insulators except Nb2O5 were deposited via atomic layer deposition (ALD). From 
this study, I demonstrated the crucial dependence of MIM rectification performance on barrier 
height. My results revealed that MIM systems possessing a low barrier height value (~ 0.4 eV) 
for at least one of the metal/insulator interfaces (e.g., Nb/Nb2O5 and Nb/TiO2) exhibited far 
better rectification performance (high asymmetry and non-linearity) than devices possessing high 
barrier height values (> 1 eV) at both the metal/insulator interfaces (e.g. Nb/Al2O3 and Nb/MgO). 
This study represented one of the first experimental efforts to systematically analyze the 
influence of metal/insulator barrier height on MIM rectification performance. The Simmons 
equation predicts the importance of this low barrier height criterion as plotted in Figure 1.9 
(Band Engineering: Scenario 2) in Chapter 1.  
I combined the observations made in analyzing both the metal and insulator material 
properties in Chapters 2 and 3 to develop a “map” of MIM materials space that enables existing 
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MIM combinations to be categorized in terms of their property/performance characteristics and 
also enables the performance of new potential MIM stacks to be predicted. This MIM materials 
space map represents a first-of-its-kind effort in MIM community that correlates materials 
properties and device performance and maps (ranks) different MIM materials stacks. The MIM 
materials space (Figure 3.4) is reproduced here from Chapter 3. A few highly prospective, as-yet 
uninvestigated MIM combinations are identified using this MIM materials space map. In 
particular, I identified Sm/ZrO2/Pt and Hf/TiO2/Pt as particularly attractive owing to the low 
barrier heights for the Sm/ZrO2 (~ 0.1 eV) and Hf/TiO2 (~ 0 eV) interfaces, respectively. Here, it 
should be noted that although Pt is chosen as the metal 2 component owing to its large work 
function difference to both Sm and Hf, other metals such as Au, Cu could also likely be replaced 
for Pt. I fabricated the above two prospective MIM systems and found that their rectification 
performance was drastically low. An investigation carried thereon, to identify this discrepancy 
led me to an understanding of the importance of chemical thermodynamic stability at the 
insulator/metal interfaces. TEM analysis indicated formation of an inadvertent interfacial layer in 
both of these devices, which may have detrimentally affected rectification.  
Thermodynamic analysis done on these systems together with the previous systems that 
had exhibited good rectification performance proved the thermodynamic potential for interfacial 
layer formation in Sm/ZrO2 and Hf/TiO2 even at room temperature, while also showing that the 
high-performance combinations enjoyed thermodynamic stability. Thus MIM interfacial 
chemical stability must also be considered when selecting candidate materials combinations. For 
the Sm/ZrO2 and Hf/TiO2 interfaces, a potential solution to circumvent the interfacial reactivity 
issue was proposed by suggesting that an ultra-thin layer of Zr or Ti (~ 5-10 nm) could be 
deployed as a chemical barrier layer at the interface of these two systems, respectively. 
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Figure 3.4: A pictorial scheme of the MIM materials map, a two-dimensional space constructed 
as a function of the difference in work function between the two metals (ΦMetal 1 – ΦMetal 2) 
versus the difference in electron affinity of the insulator and the work function of one of the 
metals (χInsulator – ΦMetal 1). In this scheme, turn-on voltage, symmetric and asymmetric response 
are represented by TOV, Symm. and Asym., respectively. Six MIM combinations are identified 
and placed appropriately in this materials space by markers as following: l (Sm/ZrO2/Pt), ¢ 
(Hf/TiO2/Pt), n (Nb/Nb2O5/Pt and Nb/TiO2/Pt), ★  (Nb/Nb2O5/Nb) and ✩  (Y/Al2O3/Pt). The 
insets show the I-V response of some of the studied MIM systems. MIM systems located towards 
the left on the horizontal axis show low turn-on voltage (Low TOV), a frequently desired MIM 
characteristic. Low TOV is possible since the χInsulator – ϕMetal 1 value is smaller. Highly 
asymmetric response (Asym.) is achieved for MIM systems located in the upper portion of the 
vertical axis. Thus the best overall rectification performance can be achieved for MIM systems 
located in the top left corner of the materials space, e.g. as represented by the Sm/ZrO2/Pt 
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In Chapter 4, first-of-their-kind barrier offset measurements in select metal/insulator 
interfaces were carried out using photoemission spectroscopy with an aim to construct accurate 
band diagrams of several candidate MIM structures and correlate these band diagrams to 
measured I-V responses. Excellent agreement was observed between the band-diagrams 
constructed from these photoemission measurements and the electrical properties (I-V) measured. 
Electronic barrier height values measured for Nb2O5 (underlayer) and Nb, Ti, Cu and Pt as the 
overlayers were 0.1 (Nb2O5/Nb), 0 (Nb2O5/Ti), 0.6 (Nb2O5/Cu) and 0.6 eV (Nb2O5/Pt), 
respectively. The barrier height values for Al2O3/Nb and Al2O3/Pt were determined to be ~4.6-
6.1 and ~5-5.3 eV, respectively. It is expected that the reported barrier height values for select 
metal/insulator interfaces will be of great benefit to the high-frequency MIM modeling 
community. These values can be used to define the barrier height values with enough confidence, 
thereby reducing the number of fitting parameters required during modeling.  
In the appendix sections, a survey of the collaborative research work that I had 
undertaken throughout my PhD work was presented.  In appendix A, a novel approach to 
characterize reliably point-contact MIM architectures was presented using an instrumented nano-
indenter. Excellent reproducibility in device performance was reported using this novel approach. 
In appendix B, as a way to test the results from my bent-wire point-contact studies, 
recommended MIM stacks were reproduced using a more robust planar MIM architecture and 
these planar MIM devices were tested. Qualitatively excellent agreement in device performance 
was observed between the bent-wire and planar MIM structures. Finally, in appendix C, a nano-
rectenna was fabricated from my optimized Nb/Nb2O5 bilayers and these were tested for optical 
rectification by one of our collaborators. Although initial results promisingly indicated an optical 
current, the true source of this current is as-yet still difficult to pin down as multiple extraneous 
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signals including thermally induced currents could be at least partially responsible for the 
observed response. Extensive modeling efforts were also undertaken by our collaborator to fit the 
I-V response of our planar MIM structures, with an aim to extract crucial parameters like barrier 
height, effective tunneling distance. These results agree well with our independent barrier-height 
measurement efforts, therefore reinforcing confidence in our understanding of Nb/Nb2O5-based 
MIM systems. 
 
5.2 Future recommendations 
Summarized below are future recommendations: 
1. Tuning zero-bias resistance: The zero-bias resistance for all the devices studied in this work is 
on the order of MΩ. Although the asymmetry and non-linearity of the best performing devices 
achieved in this work are well beyond the expectations for high-frequency detection applications 
(infrared imaging and sensors), the zero-bias resistance is too high, as resistances on the order of 
only a few hundred ohms or less are desired for harvesting (infrared and visible light) 
applications. Thus, additional optimization of materials and the development of additional 
materials design principles are needed to provide the ability to tune the zero-bias resistance. Such 
tuning may be feasibly achieved, from among several means, by tuning the insulator thickness 
and the thin-film metal resistivity.  
2. Demonstration of optical rectification: Although, this study formulated several significant 
materials design principles for the first time, the entire study relied on the electrical 
characterization of MIM devices under DC conditions. Previous experimental reports indicate 
that the device performance observed at DC holds true up to about ~30 THz.  Thus, the materials 
selection principles detailed in this thesis are expected to be relevant to 30 THz. However, no 
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experimental reports are available to verify the viability of the materials selection criteria 
proposed in this study in the visible spectrum (450 – 750 THz). As a first step, a proof-of-
concept experiment to demonstrate optical rectification in the visible spectrum should be carried 
out. Then, the materials design principles proposed in this thesis and their influence on optical 
rectification behavior should be verified. If such an attempt were successful in demonstrating 
optical rectification, this would be a radical development in the history of the rectenna concept 
and would bring this technology closer to practical application. Developments in the related field 
of plasmonics can be of huge advantage for this effort. 
3. Band-offset measurements – A more routine screening technique: Band-offset measurements 
proved vital in understanding and verifying the working principle of MIM devices. Such 
measurements should be made more routine in the future screening of material pairs for MIM 
devices or derivatives thereof (e.g. MIIM structures). For example, band-offset measurements 
should be carried out for the Sm/ZrO2/Pt and Hf/TiO2/Pt systems with interfaces carefully 
prepared both in vacuum and under atmospheric conditions. Such fundamental interfacial studies 
will help further our understanding about the role of interfacial layers and will help refine the 
material selection guidelines that have been proposed in this thesis.  
4. Requirements for successful broadband optical rectification: So far, the community lacks the 
knowledge to establish an agreement between theoretical and experimental studies on the set of 
requirements needed for efficient broadband optical rectification. The benchmark rectification 
performance required to achieve efficient optical rectification must be identified. It must then be 
determined whether this rectification requirement can be met by either tuning MIM material 
properties or by optimizing the equivalent circuit or device architecture or (more likely) a 
combination of all of the above. An integrated fundamental approach combining all the above 
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from both a theoretical and experimental framework should be carried out. If such requirements 
are well defined, then an inverse design strategy can potentially be used where instead of tuning 
an existing material to suit a application, the application dictates the search for new and existing 
materials to suit the needs. This approach could yield a fruitful strategy where theoreticians can 
help identify a new materials space that should be tried to make a successful device, followed by 
experimental efforts to validate these predictions and provide further refinement.  
5. Alternate material choices: Traditionally MIM choices have been two metals and one oxide as 
an insulator. For example Ni-NiO-Ni is one of the most studied system yet there are very few 
reports on why this system works. Is it due to a low barrier height at Ni/NiO interface, or is it due 
to the appropriate band-structure of Ni and NiO system? If it is due to the low barrier height, 
then why not consider other systems that have similar low barrier heights? Going a step back, 
why must the insulator layer be an oxide? 98% of past and present MIM work has focused 
exclusively on oxides for the insulator layer--- but why not consider carbide, nitride, sulphide, 
oxy-nitride, or oxy-sulphide systems as well? As long as the insulator layer has a low dielectric 
constant and can be deposited as an ultra-thin layer with high quality, these alternate insulator 
systems may provide intriguing and unexplored directions for further MIM optimization. In 
considering the metal combinations, recent reports have proposed metallic alloy glass 
compositions for the metal pairs. Considering metal alloys greatly increases the number of 
potential MIM systems that can be explored. More such studies should be carried out to 
understand the influence of material structural properties. These studies can help explore 
radically different approaches such as an “all polymer counterpart of MIM” in which all the three 
layers are polymer based. Such materials architecture will be highly useful for emerging 
applications of MIM in flexible display technologies.  
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In a concluding remark, following are the achievements of my thesis-work: 
(i) A materials design criteria was proposed by systematically correlating material 
properties to MIM rectification performance. 
(ii) A MIM materials space map was developed for the first time, which is 
expected to acts as a reference materials library to help identify and choose the 
right stack of materials for an intended high-frequency rectification application. 
(iii) Importance of barrier height at metal/insulator interface and the interfacial 
chemistry is highlighted with rich interfacial evolution information for the first 
time via in-situ photoemission spectroscopy. 
The above achievements disseminated to the MIM community through publications 
(published, submitted, in-preparation) are expected to fill the knowledge gap and highlight the 
importance and at the same time providing guidelines for material selection in MIM stacks. 
There’s a lot of room in the field of “Rectenna based energy harvesting”, for everyone in the 
technology cycle from say “scientists” interested in understanding the basic principles to 
“technologist” interested in developing new products. This field is wide open and very fertile 
with opportunities. In my personal opinion, to realize the ultimate dream of harvesting solar 
energy that can compete with more matured conventional photovoltaic technologies more 
integrated and focused approach is needed. This should involve a synergetic approach from 
experts in optics, materials scientists, electrical engineers, theoreticians (materials and device 
modeling) and nano-fabrication experts. Such a synergetic approach would result in plenty of 
near-term new technologies with enormous market potential that can be developed along the way 
to achieve solar energy harvesting. To name such few near-term technologies are: rectenna based 
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wireless device charging, harvesting terrestrial wireless signals, high-speed electronics, medical 
imaging, microwave based satellite powering and harvesting infrared from waste heat. These 
technologies are orders of magnitude less challenging than optical rectification and harvesting.  
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APPENDIX A 
 
ELECTROMECHANICAL TUNING OF NANOSCALE MIM DIODES BY 
NANOINDENTATION 
 
P. Periasamy*, M. S. Bradley, P. A. Parilla, J. J. Berry, D. S. Ginley, R. P. O’Hayre and C. E. 
Packard 
 
The following is a reproduction of an article submitted to Advanced Materials. This 
chapter is reproduced as is except that section numbers, and figure labels were changed to 
conform to the thesis format.  
Nanoscale metal-insulator-metal (MIM) diodes are candidate devices for high frequency 
AC-to-DC signal rectification in a variety of applications including rectenna-based solar energy 
harvesting, [1-3]  terahertz electronics, infrared sensors or cameras, [4-6] and chemical sensors. 
[7] The device structure investigated here typically consists of a nanoscale-thickness insulator 
layer sandwiched between two dissimilar metal layers and is believed to operate by the tunneling 
of electrons through an asymmetric barrier. Achieving nanoscale tuning of tunneling through 
barriers to form point contact diodes is desirable, but has previously been limited to barriers 
composed of soft, organic films due to the force limitations of conductive-AFM technology. For 
MIM diode applications, oxide-based insulators are preferred over organic films. In this paper, 
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we demonstrate that MIM devices with oxide-based insulators can be formed in-situ with sub-nm 
precision and characterized using a nanoindenter equipped with electrical testing capabilities. 
Using this new technique, we show that the device behavior can be electromechanically tuned 
and modeled using a Fowler-Nordheim approximation. 
MIM diodes have been used for the past ~35 years as harmonic generators and mixers of 
sub-mm and infrared radiation and currently hold the record for fastest diode operation at ~150 
THz (point-contact geometry). [8] Initially, MIM diodes took the form of point‐contact diodes 
where a metallic whisker, electrochemically sharpened to a radius of 0.05-0.2 mm, touches a 
native oxide layer 1-8 nm-thick on a metallic film. The advantage of this relatively crude 
approach is the self-defined small diode area, which gives excellent high‐frequency performance. 
Disadvantages of the approach include (1) limited choices in material combinations, which may 
not optimize rectification, and (2) issues arising from forming contacts with delicate whiskers 
such as sensitivity to mechanical, acoustic, and thermal noise sources. [9-11] Two recent 
experimental advances have addressed these concerns: the first by employing bent-wire 
experiments and the second by harnessing conducting-probe atomic force microscopy (AFM).  
In bent-wire experiments, the influence of material properties on MIM non-linearity and 
asymmetry has been explored by contacting metal-insulator bilayers with bent metal wires 
[12,13], allowing rapid screening of materials combinations, but providing little control over the 
active device geometry.  
Further investigation of tunneling in MIM point contacts has been conducted using 
atomic force microscopy to impart a greater level of control over forming the nanoscale junction, 
though these studies have been restricted to soft, organic insulators. [14-17] Tunneling barrier 
parameters have been extracted from current-voltage curves performed while a conductive AFM 
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tip is held in contact with a sample surface by a force that is inferred from the cantilever spring 
constant. The nanoindentation-based approach described in this work is similar to conductive 
atomic force microscopy (C-AFM) where a metal tip is used to acquire current-voltage 
measurements, typically by biasing the sample. [14,16,22] For MIM diode characterization, 
however, conductive mode nanoindentation offers several important advantages over C-AFM for 
the present study, including: 
• The nanoindenter can operate in both force- and displacement-controlled modes, with 
feedback and measurement provided by a low-drift electrostatic transducer. 
• The radius of the nanoindenter tip is at least 10 times larger than that of a typical AFM tip. 
Hence the nanoindenter tip can support larger currents and provide lower current density for 
equivalent current, potentially reducing nanooxidation [23] at the tip/sample contact. 
• The diamond-based tip is less susceptible to wear and deformation from test-to-test and 
sample-to-sample than C-AFM tips—a feature that is crucial for reliable material screening 
studies. 
• The larger force range (1 mN to 10 mN) provided by nanoindentation can allow penetration 
of stiff materials. 
Here, a metal-insulator combination previously demonstrated to show superior 
performance in bent-wire tests is subjected to in-situ electrical measurements during contact with 
known forces and sub-nanometer displacement precision, precisely controlling the junction 
geometry. Two experiments are designed to demonstrate the capability of the technique and to 
explore potential relationships between tunneling distance and I-V behavior systematically: 1) 
varying the penetration of the indenter tip while holding the oxide thickness constant and 2) 
varying the oxide thickness while holding the indentation depth constant. Consistent 
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observations across all data sets demonstrate that MIM I-V behavior can be actively tuned via 
nanoindentation. 
Simultaneous measurement of both electrical and nano-mechanical information is 
accomplished using a nanoindentation apparatus equipped with a conductive tip and circuit 
analyzer. [18,19] A conductive nanoindenter tip, composed of degeneratively boron-doped 
diamond, serves as the point-contact ‘metal’ in the MIM structure. Sputtered niobium forms the 
base metal, while the insulator is composed of a continuous layer of native oxide (NbOx) 
approximately 5 nm thick [20] and a layer of Nb2O5 formed by anodization, the thickness of 
which is intentionally varied. For simplicity, combined oxide thicknesses (5 nm native oxide plus 
anodized layer thickness) will be reported in this manuscript and referred to as Nb2O5. Thus, the 
MIM structure consists of Nb/Nb2O5/B-Diamond, with the dynamically controlled contact of the 
B-Diamond tip completing the MIM structure. Rectification performance is characterized by 
measuring the current-voltage (I-V) response while applying bias to the sample’s Nb-metal layer 
against the grounded tip. It should be noted that the B-Diamond tips are not ideal electrical 
contacts in that they are known to exhibit tip to tip variations in resistance due to dopant 
distribution inhomogeneities; [21] therefore, a single tip is used throughout this study to 

















Table A.1. Effective barrier thickness fitting results: The degree of deformation of the oxide 
layer is unknown, but the effective barrier thickness is constrained to be less than or equal to the 
oxide thickness. Shading qualitatively evaluates the plausibility of each barrier height based on 







Thickness, s (nm), 
φ=0.4eV 
Calculated Barrier 
Thickness, s (nm), 
φ=0.1eV 
10 ± 2 4  1.4 12 
10 ± 2 7 0.3 2.0 
10 ± 2 10 0.1 0.8 
16 ± 2 4 8.5 68 
16 ± 2 7 5.8 46 












Figure A.1: (a) Load-depth response acquired during 4 independent indentation experiments into 
a Nb/16 nm thick Nb2O5 bilayer to a depth (hmax) of 7 nm, where electrical measurements (I-V) 
are collected. Arrows represent loading and unloading directions. The inset in Figure A.1(a) is a 
schematic representation of the electrical measurement setup used in this study. (b) Voltage 
response measured while conducting stepwise increases in current between 1 nA and 1.024 mA 
in +/- bias for the curves in (a) and schematic band diagrams approximating the conditions in the 
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Figure A.1 (a) shows a schematic of the testing set-up and protocol. Throughout this 
study, nanoindentation is conducted in displacement control mode to ensure consistent contact 
area between the tip and oxide. As shown in Figure A.1(a), loading involves contact of the B-
diamond tip into the bilayer until a preset displacement value (hmax) is reached, after which the I-
V response is acquired. Electrical measurements are obtained using current-source mode, 
stepwise from 1 nA to 1.024 mA in the positive and negative directions, letting the voltage settle 
at each step. Finally, the tip is unloaded. Figure A.1(a) also shows the results of four nominally 
identical indentations performed to a maximum depth (hmax) of 7 nm at different locations on the 
16-nm-thick oxide sample. For each of these tests, the load-displacement (P-h) response follows 
an identical path at extremely low loads where elastic contact dominates, followed by discrete 
and stochastic behavior consistent with nanoscale plastic deformation until reaching an hmax 
value of 7 nm, and unloading along the same path by elastic recovery to similar residual 
displacements representing plastic deformation. Sub-nanometer displacement accuracy during 
tests ensures a constant contact area for independent measurements and hence a consistent MIM 
structure from test to test, which is reflected in the reproducibility of the electrical measurements 
acquired at hmax. Recording the P-h response in addition to the I-V response helps to identify 
possible contamination on the tip or the bilayer surface. Any surface contamination on the tip or 
sample can alter the slope of the loading region of the P-h curve, allowing errant data to be 
removed from analysis. 
Figure A.1 (b) shows the electrical measurements corresponding to the indentation 
curves (P-h) in Fig. A.1 (a). The voltage response is consistent for each of the four curves shown 
and for all other experiments in this study. Outlier points result from automatic ranging shifts in 
the source meter and are discarded from calculations of the settle voltage at each current. 
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Positive current flow is seen to require generally higher voltages than negative current flow, 
consistent with the barriers represented by the schematic band diagram illustrated in Fig. A.1(b). 
For a given voltage, the magnitude of the current is exponentially dependent on a product of the 
distance that the electrons must tunnel across and the effective barrier height.  The distance will 
depend on the band structure across the junction and this, in turn, depends on the work functions 
of the conductors and the electronic affinity of the insulator.  For this situation with the Nb as 
one metal and the B-diamond tip as the other, we expect the barrier heights at the two 
metal/oxide junctions to be vastly different and this is responsible for the large differences 
between forward and reverse biases.  In this study, we use the polarity defined by the 
instrumentation, therefore negative voltages correspond to the forward bias condition as defined 
in MIM literature. For negative currents, electrons are flowing from the Nb to the tip, 
corresponding to a negative voltage on the Nb with respect to the tip.  For a given current, a 
lower magnitude voltage is required for electron flow from the Nb to the tip due to the lower 
relative barrier height. If tunneling is responsible for the observed asymmetric current-voltage (I-
V) behavior, the results should show a marked dependence on the distance through which 
electrons must travel. Two experiments are designed to explore potential relationships between 
tunneling distance and I-V behavior systematically: 1) varying the penetration of the indenter tip 
while holding the oxide thickness constant and 2) varying the oxide thickness while holding the 
indentation depth constant. Both experiments provide potential opportunities for tailoring 
tunneling distance, with the first approach having the benefit of using a single sample and the 
second approach having the benefit of a constant contact area during I-V characterization. 
Indentation depths of 4, 7, and 10 nm and oxide thicknesses of 5, 10, and 16 nm are explored. 
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Selected data are reproduced here to illustrate key findings, while data sets for each indentation 
depth/thickness combination are provided in the Supplementary Information. 
 
Figure A.2: Current-Voltage behavior variation with indentation depth (hmax = 4, 7, 10 nm) in a 
Nb/10 nm thick Nb2O5 oxide layer. Error bars represent the standard deviation of 6 
measurements obtained at distinct locations across the sample for each indentation depth. Less 
voltage is required to reach equivalent currents as the indentation depth increases, decreasing the 
effective oxide thickness. Asymmetric behavior is observed, with easier conduction in negative 
bias. 
Figure A.2 compiles the current-voltage data for in-situ measurements conducted to 
varying indentation depths on a sample with a 10 nm thick oxide layer. Each point represents the 
average settle voltage from 6 nominally identical tests on different sites on the same sample, with 
error bars representing the standard deviation of those values. Additional details regarding 
experimental procedure are presented in the Experimental Methods section. For each of the 
indentation depths, the I-V behavior is asymmetric about the gray vertical line drawn at V=0, 
with more voltage required in the positive direction. As indentation depth is increased from 4 to 
10 nm, lower voltages are required across the entire current range studied here, which is 
consistent with the reduction of the effective oxide thickness in the area of indentation due to 
penetration of the oxide by the tip. It should be noted that even though the largest indentation 
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Figure A.3: a) Current-Voltage behavior with indentation to a constant depth (hmax) of 10 nm for 
samples with varying oxide thickness (5, 10, 16 nm). Error bars represent the standard deviation 
of 6 measurements acquired at different locations across the sample. More voltage is required to 
reach equivalent currents as the oxide thickness increases. b) Calculated asymmetry (fasym) and c) 
nonlinearity (fNL) figures of merit for the current-voltage curves in a).  Increasingly nonlinear 
and asymmetric behavior is observed as the oxide thickness is increased. 
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depth is comparable to the oxide layer thickness, the persistence of non-Ohmic behavior 
indicates that the complete penetration of the oxide is unlikely and that at least some of the 
deformation is accommodated by the Nb film underneath the oxide. Such a scenario is possible 
since the Nb2O5 layer, an insulating oxide, is relatively stiff and hard (high Young’s modulus, E, 
and yield stress, Y) compared to the underneath compliant and soft metallic Nb layer (high E and 
low Y). In such a hard film (Nb2O5) on soft substrate (Nb) condition, the oxide may act, at least 
partially, as an elastic membrane as the soft substrate deforms underneath it. [24] Nevertheless, a 
consistent shift in the voltage required for electron transport is seen across all tests. 
Figure A.3 plots I-V data (A.3a) and the resulting asymmetry (fASYM) and nonlinearity 
(fNL) [12] figures of merit (A.3b and A.3c, respectively) for indentations performed to a constant, 
maximum depth of 10 nm for samples with varying oxide thickness (5, 10, 16 nm). Additional 
plots of fASYM and fNL for other measured samples, along with the procedures used to calculate 
these figures of merit are provided in the Supplementary Information. Comparative assessment 
of trends in rectification behavior (e.g. fASYM and fNL) is enabled across the set of samples shown 
in Fig. A.3 because they are measured at the same indentation depth. Performing indentations to 
a uniform depth across several samples yields an approximately constant contact area, thus 
removing this complexity from the analysis. Each set of data represents the average of 6 tests 
performed on a sample and error bars represent the standard deviation of these measurements. 
More voltage is required to reach equivalent currents as the oxide thickness increases. 
Additionally, increasingly nonlinear and asymmetric behavior is observed as the oxide thickness 
is increased, with easier conduction in negative bias. The trends with oxide thickness in Fig. A.3 
are consistent with the data in Fig. A.2, where the effective oxide thickness is reduced as 
indentation depth is increased. Though these data illustrate the key features of both experiments, 
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data sets for all combinations of oxide thickness and indentation depths are presented in the 
Supplementary Information. Consistent observations across all data sets demonstrate that MIM I-
V behavior can be actively tuned via nanoindentation.  
The physics of MIM devices have been an active topic of research since the 
groundbreaking work of Simmons in the 1960s in producing analytical approximations to 
quantum-mechanical tunneling equations involving the Wentzel-Kramer-Brillouin (WKB) 
approximation. [25-28] Similar work was carried out by Stratton [29] and Hartman [30], and 
following shortly thereafter, Brinkman, Dynes, and Rowell produced one of the first numerical 
studies that did not rely on the approximations used in Simmons’ earlier work. [31] In the last 
decade, theoretical studies have focused on thin, low dielectric constant insulators in MIM 
structures, where the barrier is better approximated by a parabola than a trapezoid or triangle due 
to the effects of image charge, which rounds off the corners of energy discontinuities at material 
interfaces and can lower barrier heights if the barrier is thin. [32] This latest work is of great 
significance to the recent studies using conductive AFM, as the insulators in those cases are in 
many cases monolayers of organic materials with a low dielectric constant. [15,16] 
Given that the experiments here use a new technique to form and measure devices, it is 
necessary to show that the measured I-V data are consistent with what is known about the 
Nb/Nb2O5 system, particularly the barrier height. In modeling the results of the measurements in 
this study, several properties of the materials, devices, and testing conditions must be considered. 
The small contact area of the MIM diodes formed by nanoindentation lead to very high current 
densities for the sourced currents, which would suggest that field emission will be a significant 
tunneling mechanism. This is confirmed by the I-V curves plotted on Fowler-Nordheim axes 
(ln(I/V2) vs. 1/V) in Figure A.4, which show the current transitioning to behavior consistent with 
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entering the Fowler-Nordheim field-emission regime at high field for several conditions. For 
both the 10 nm and 16 nm oxide thicknesses, a minimum in ln(I/V2) is seen for each of the 
indentation depths (cf. full data set in Supplemental Information), with data at voltages higher 
than the minimum trending towards linearity; data from the 10 nm-thick oxide at three 
indentation depths is shown in Fig. A.4(a). Figure A.4(b) shows data from the three oxide 
thicknesses measured at a fixed hmax of 10 nm. The thinnest oxide (5 nm) sample does not show 
a transition to field emission at this indentation depth, nor at any other indentation depth (see 
Supplemental Information) explored in this study, consistent with the symmetric I-V behavior. 
The thicker oxides show behavior that is similar to that observed for molecular junctions 
investigated with conductive AFM. [17] Here, however, the insulator is niobium oxide, deposited 
with a thickness greater than the monolayers investigated by conductive AFM and possessing a 
significantly higher dielectric constant (~40 [33]), both conditions which suggest, that for these 
MIM diodes, traditional models put forward by Simmons using a triangular barrier at high fields 
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Figure A.4: I-V measurements plotted on axes consistent with Eqn. 3, where a transition to 
linear behavior is expected for measurements entering the field emission regime at high voltages 
(low 1/V). (a) 10 nm thick oxide measured at indentation depths of 4, 7, and 10 nm shows a 
minimum and transition for each data set. (b) Data from the 5, 10, and 16 nm oxide layers 
indented to a constant depth of 10 nm, showing that only the thicker (10 and 16 nm) samples 
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We therefore model the 10 nm and 16 nm devices at high voltages, where the traditional 
Fowler-Nordheim field emission equation is appropriate. At high voltages, where the MIM 













⎟  ,     (1) 
where B=1.1e3/(4ph), l=23pm1/2/(6he), F is the electric field in volt/meter, and f is the effective 
barrier height in volts, m is the mass of a free electron, e is the fundamental charge, and h is 
Planck’s constant. [25] As we expect that this asymmetric device has two different barrier 
heights, in the Fowler-Nordheim limit, we should use the barrier height appropriate for which the 
electrons tunnel from, i.e., the Nb/Nb2O5 barrier since we focus on forward-bias data here.  We 
can substitute J=I/A, where A is the area of the contact, and F=V/s, where V is the voltage across 
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which is a linear equation in 1/V that can be used to fit either the barrier height or thickness from 
the measured I-V data using the slope of the linear equation. The last data point in each set 
(where the measured voltage is maximum, Vmax) is used as the anchor point for the fits, giving 




























⎟  .    (4) 
In this case, the fits are used to determine the thickness of the insulating niobium oxide barrier 
given an assumed barrier height. 
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The fits are performed for the negative voltages, where the tunneling of electrons is 
occurring from niobium into the boron-doped diamond tip. The results of the fits, which use the 
five highest magnitude negative voltages in each indent’s I-V curves, are shown in Table A.1. 
The fits are performed for an assumed barrier height of f = 0.4 eV and f = 0.1 eV. The former has 
been given in literature as the barrier height for the Nb/Nb2O5 interface, [12,34] and the latter is 
used as a lower bound to account for possible barrier height lowering due to image charges and 
thin oxides. The results of the fit show that for the thick oxide sample (16 nm) and a barrier 
height of f = 0.4 eV (shaded in yellow), the fitted barrier thickness plus known indentation depth 
is a very good match to the original thickness of the sample. Using a smaller barrier height for 
the same sample, f = 0.1 eV (area shaded in red), the results are a very poor fit since the fitted 
barrier thickness data alone are much larger than the sample’s original thickness of oxide, 
meaning a barrier height of f = 0.1 eV in this case is not physical. For the 10 nm sample, using 
either f = 0.4 eV or f = 0.1 eV (areas shaded in yellow) give barrier height thicknesses that, when 
added to the known indentation depths, are reasonably close to the original sample thickness, 
especially for the 7 nm and 10 nm indentation depths. The fitted barrier thicknesses for the 10 
nm sample indicate that, as the indent is made deeper into a sample, there is likely barrier height 
lowering taking place due to the thinned oxide. However, for the thicker 16 nm sample, none of 
the indentation depths are deep enough to sufficiently thin the oxide to cause barrier height 
lowering, such that a very good fit to the thickness data is reached assuming the value for 
Nb/Nb2O5 that has been measured in previous studies. [12] This modeling shows that the I-V data 
measured by electrically conductive nanoindentation are consistent with reported barrier heights 
for Nb/Nb2O5 when the effective barrier thickness is greater than several nanometers. 
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In this paper, nanoindentation with electrical characterization capabilities has been used 
to fabricate and analyze point-contact MIM devices with oxide-based insulators in situ. Data 
acquired for a range of oxide thicknesses probed to varying indentation depths shows that the I-V 
behavior can be mechanically tuned. For the bilayers (Nb/Nb2O5) with the thickest oxides, the I-
V data show a distinct asymmetry around 0 V, and corresponding modeling shows behavior 
consistent with a transition to field emission in the high voltage regime. By enabling 
simultaneous measurement of nanomechanical and electrical data, nanoindentation shows a 
promise as a high resolution, reproducible method for fabricating and rapidly screening metal-
insulator bilayers for potential use in MIM material structures and for exploring the physics of 
tunneling through thin films. 
 
A.1 Experimental 
A.1.1. Materials and deposition: Samples were fabricated on p-type Si wafers (Silicon Quest 
Internationals) with <100> orientation and a resistivity between 1-10 W-cm. The Nb metal layers 
were deposited via DC magnetron sputtering using a 2-inch Nb metal target (Alfa Aesar). After 
achieving a base pressure of at least 3 x 10-6 Torr, 90-100 nm thick Nb metal films were 
deposited at a working pressure of 5 mTorr of Ar gas by DC sputtering. The Nb2O5 layers were 
formed by anodization in a 1M H2SO4 electrolyte solution at room temperature under 
potentiostatic conditions. Anodic oxides of different thickness are grown by varying the 
anodization voltage [see supplemental information in [12]]. Fresh electrolyte solution was 
prepared for each anodization process to avoid accumulation of Nb metal ions in the electrolyte 
solution. During anodization, a portion of the Nb film is not oxidized i.e., not immersed in the 
electrolyte solution. This non-oxidized area acts as an electrical contact to the Nb layer during I-
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V measurements. The anodic oxide growth coefficient was estimated to be 2.4 ± 0.3 nm/V 
through a series of samples anodized at different voltage range and measured by XRR  [see 
supplemental information in [12]]. XRR measurements were carried out on a Philips X’Pert five-
circle diffractometer with specular X-ray reflectivity scan assuming 1.5416 Å radiation. The 
sample angle (W) starts at 300 sec, and finishes at 8000 sec with a step-size of 25 sec. 
Simultaneously, the detector angle (2q) starts at 600 sec and finishes at 16000 sec with a step-
size of 50 sec. For selective samples the thickness was independently verified by ellipsometry 
and TEM.  
 
A.1.2 Current-Voltage (I-V) Measurements: I-V measurements were carried out in a Hysitron 
TI 950 nanoindenter equipped with nanoECR. According to information provided by the 
manufacturer, the diamond tip has a boron dopant concentration of ~1022/cm3 [21] and a 
resistivity value of ~3.3 Ω⋅cm. Silver paint (Pella PELCO conductive silver) provides electrical 
connection from the non-oxidized area of each sample to the biasing stage. Indentations were 
performed with a minimum of lateral spacing of 5 mm in displacement-controlled mode with a 
loading function that loads to the maximum displacement over 2 sec, holds at that displacement 
for 46 sec, and unloads over 2 sec. Electrical measurements were conducted during the 
displacement hold section of each test, with the compliance limit set to 10 V and the A/D 
parameter set to 1 for each test. All tests were conducted by manually sourcing current and 
measuring voltage in a series of stepped increases. Current was increased over a range of 1 nA to 
1024 nA, doubling the current at each step, and allowing a settle time of 3 sec at 1 nA and 1.5 
sec for all other currents. Following a stepwise increase in current in the positive direction, the 
procedure was repeated for negative currents in the same manner. The voltage associated with 
each current was calculated by averaging the final 1sec of data in each step. 
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A.3 Supplementary Information  
 
Indentation depths of 4, 7, and 10 nm and oxide thickness of 5, 10, and 16 nm are 
explored. Selected data are reproduced in the manuscript to illustrate key findings, while data 
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Diode tuning via indentation depth: 
 
Fig. SA1. 5 nm thick oxide 
 
Fig. SA2. 10 nm thick oxide (repeated from main manuscript) 
  
 








Fig. SA3. 16 nm thick oxide. Note that the change in curvature in the 4 nm data is an 
artifact due to the compliance limit of 10V. 
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Diode tuning via oxide thickness: 
 
Fig. SA4. 4 nm indentation depth. Note that the change in curvature in the 16 nm data is an 
artifact due to the compliance limit of 10V. 
 
Fig. SA5. 7 nm indentation depth. Note that the change in curvature in the 16 nm data is an 
artifact due to the compliance limit of 10V. 
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Fig. SA6. 10 nm indentation depth (repeated from main manuscript) 
 
MIM Diode Asymmetry and Nonlinearity 
 
 Third-order models for representing MIM diodes have been developed for the purpose of 
simulating diode behavior in applications such as wireless power transfer.† Two figures of merit 
for MIM diodes derived from these models are the asymmetry and nonlinearity parameters.‡ 
Asymmetry is defined as the absolute value of the “forward” current divided by the “reverse” 
current, evaluated at a particular bias voltage. For the MIM diodes formed with the nanoindenter 
tip in this study, the operationally relevant “forward” current is the measured reverse current, 
which is the case where the electrons are tunneling from the niobium into the boron-doped 
diamond tip. Therefore, asymmetry as defined in this study is |IR/IF|. The asymmetry is 
determined by taking the negative voltages and linearly interpolating the forward current at the 
corresponding positive voltage. In the cases such as those for the 16 nm oxide sample where 
                                                
† A. Sanchez, C. Davis, K. Liu, A. Javan, Journal Of Applied Physics, 1978, 49,  5270–5277. 
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there are no data points in the same corresponding range, the lowest current measured, 1 nA, is 
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The nonlinearity parameter is given by (dI/dV)/(I/V), evaluated as a function of bias (V). 
The parameter is calculated separately for the sets of positive and negative voltages. We 
calculate the differential by taking the difference between a given data point and its neighbor at 
the next highest magnitude voltage. The nonlinearity parameter at the highest magnitude voltage 
is therefore not calculated. 
  
 













Table of content entry: 
 
Metal-Insulator-Metal (MIM) diodes, which show promise for high-frequency 
rectification, are created and characterized in situ with an instrumented nanoindenter. 
Simultaneous measurement of both electrical and nano-mechanical information is accomplished 
in an (Nb/Nb2O5/boron-doped diamond nanoindenter tip) MIM stack. By probing the B-
Diamond tip into the Nb/Nb2O5 bilayer with sub-nm precision, we show that the device 
rectification behavior can be electromechanically tuned. 
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APPENDIX B 
 




Basic overview on the working principle of photoemission spectroscopy and the 
interfacial band-offset measurements carried out in this thesis work is detailed in this appendix. 
In addition, the need for such interfacial band-offset measurements in metal-insulator-metal 
tunnel structures is discussed. In this appendix, the terms band-offset and barrier height mean the 
same.  
 
B.1 Introduction to photoemission spectroscopy 
 Photoemission spectroscopy involves exciting a sample with monochromatic radiation of 
known energy (hν) and measuring the kinetic energy of the exited photoelectrons from the 
sample (see Figure B.1). The excitation energy should be greater than the ionization energy 
(binding energy) of the sample constituents.  Depending on the excitation source energy this 
technique is called x-ray photoelectron spectroscopy (XPS) and ultra violet photoelectron 
spectroscopy (UPS) then it is called x-ray photoelectron. Variable energy source from a 
synchrotron is also used. The difference in energy between the source and the sample 
constituent’s ionization energy (see Equation B.1) and the work function of the detector is 
emitted as the kinetic energy of the exited photoelectrons, which are detected, and energy 
dispersed by a hemispherical electron analyzer. 
𝐁𝐢𝐧𝐝𝐢𝐧𝐠  𝐞𝐧𝐞𝐫𝐠𝐲   𝐁𝐄 =   𝐡𝛎− 𝐊𝐢𝐧𝐞𝐭𝐢𝐜  𝐞𝐧𝐞𝐫𝐠𝐲   𝐊𝐄 −   𝚽𝐃              Equation  B.1 
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Figure B.1: Schematic cartoon representation of working principle of photoemission 
spectroscopy (XPS and UPS) 
  
 Binding energy is characteristics of individual elements and is used as a fingerprint in 
identifying the element. In addition, the emitted core-level photoelectrons that reach the detector 
are limited to few nm of the surface layer due to the electron mean free path limitation. Thus 
XPS/UPS are highly surface sensitive.  Although the interaction volume of X-rays with matter is 
in the micrometer range, only photoelectrons that are emitted from the near-vicinity of the 
surface is able to reach the detector dictated by the mean free path, excitation source energy and 
the sample constituent.  
 The core-level photoelectrons are also sensitive to the neighboring chemistry of the 
elements and hence reveal oxidation state of the element. Thus, in addition to the element 

















Adapted, after Prof. Andreas Klein, TU Darmstadt 
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B.2 Introduction to band-offsets or barrier height 
Electronic barrier height (Eb) of metal/insulator or semiconductor interfaces is a 
fundamental parameter that is of paramount importance for various electronic and optoelectronic 
devices. Eb can be defined as the energy barrier for the transport of electrons (or holes) at the 
interface between two materials in a device. In a metal-semiconductor (or insulator) interface, Eb 
for electrons is ideally defined by the difference in metal work function (ϕMetal) and the 
semiconductor’s electron affinity (χSemiconductor), via the following electron affinity rule 
(Equation B.2): 
𝑬𝒃,𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔 =   𝚽𝑴𝒆𝒕𝒂𝒍 −𝚽𝑺𝒆𝒎𝒊𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒐𝒓                                                                                      𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝑩.𝟐  
Whereas for holes it is defined as Eb, holes = Eg (Bandgap) - Eb, electrons. Knowledge of Eb is 
critical to understand the conduction mechanism in devices such as solar cells, LEDs, fuel cells, 
batteries and metal-insulator-metal (MIM) rectifiers- the device of interest in this study. Together 
with the knowledge of interfacial band alignment and interfacial reaction at the interfaces, Eb 
dictates the material selection and device architecture.  
In this work, Eb values of prospective metal/insulator interfaces for MIM rectifiers were 
measured via photoemission spectroscopy and together with device performance, a material 
design criteria was verified.   
 
B.3 Overview of barrier height measurement techniques 
The most common techniques to measure barrier height include photoemission 
spectroscopy, capacitance-voltage (C-V) measurement, or temperature dependent J-V (J-V-T) 
measurement. In the J-V-T measurement, current density (J) versus voltage (V) is measured as a 
function of temperature (T) and the results are plotted (Richardson’s plot) as ln (I/T2) vs 1/T. 
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From the slope, the barrier height can be calculated. In the C-V measurements, by plotting the 
inverse of the C2 versus V, flat-band voltage (eVbi) is determined by extrapolating to the voltage 
axis. From eVbi, Eb can be calculated from: Eb = eVbi + eVn + kBT, where eVn is the difference 
between Fermi level and the conduction band minima of the semiconductor, kB is the 
Boltzmann’s constant. Although both these techniques are highly useful for bulk devices, 
knowledge about interfacial chemistry is not directly revealed by these techniques. Knowledge 
of interfacial chemistry is highly relevant in the present context of diminishing device sizes, 
since interface forms a major portion of the device. Photoemission measurements on the other 
hand can directly measure barrier heights with simultaneous information on the interfacial 
chemistry. In order to use XPS to measure barrier height at the interfaces, a sequential deposition 
of the over-layer (say metal) on the under-layer (insulator) and XPS measurement at each 
sequence is carried out until the emission lines from the under-layers attenuate. A schematic 
representation of this scheme is shown in Chapter 4. A schematic representation of the cluster 
tool used in this thesis work is given in Figure B.2. 
 
B.4 Need for barrier height values in MIM devices 
Although in principle MIM is a device with simple architecture, fundamental 
understanding on the material property to device performance is missing. This lack of knowledge 
and among other fabrication issues remains as the major obstacles in the successful 
implementation of these devices for practical applications. Although researched for more than 
four decades, lack of appreciation for the material properties while fabricating these devices lead 
to the present status where even a proof-of-concept laboratory experiment with single digit 
conversion efficiency is not yet reported. Some of these authors addressed these fundamental  
  
 







Figure B.2: Schematic cartoon representation of the ultra-high vacuum cluster tool in Technical 
University, Darmstadt. A similar cluster tool is used in this thesis work for measuring the band-
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issues by screening a large materials space via a facile point-contact bent-wire MIM geometry. 
As a result of these studies, an empirical design rule to select the two metals and the insulator 
layers was proposed by these authors in an earlier work. The empirical design rule suggests the 
following: (a) Choose the metal layers such that their metal work function difference (Δϕ = ϕMetal 
1 - ϕMetal2) is much greater than kBT (25 meV), where kB is the boltzmann’s constant and T is the 
temperature. (b) Choose the insulator layer so that the electron affinity value (χInsulator) matches 
with one of the metal’s work function values (ϕMetal 1 or ϕMetal2). (c) Ensure that the interfaces are 
non-reactive i.e., the interfaces are thermodynamically stable at the fabrication and operating 
conditions. The above material property criteria should be used in conjunction with other 
requirements such as low impedance values, low capacitance, nano-diode structures to fabricate 
a efficient high-frequency MIM rectifiers. While developing this empirical design rule, the 
barrier heights are estimated by assuming a trapezoidal barrier model and the values obtained 
from literature (and not measured values) are used along with experimental current-voltage 
responses. In addition, although the importance of a non-reactive interface is highlighted, a 
systematic study to verify this experimentally was missing in the earlier study. Thus, interface 
experiments to measure barrier height via photoemission spectroscopy are critical to further the 
present understanding of MIM devices. In addition, since the interface experiments are recorded 
from layer-by-layer growth, a detailed understanding of the evolution of interfacial chemistry is 
possible at nanometer regime. 
Detailed barrier height measurements in select metal/insulator interface are presented in 
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APPENDIX C 
 
DEVIATION FROM IDEAL MIM BAND DIAGRAM – ISSUES IN  
PRACTICAL MIM STRUCTURES 
 
MIM band diagrams that are exclusively used in this thesis particularly in Chapters 1 to 4 
are representations of an ideal MIM band structure. In this appendix, practical issues that 
potentially can deviate the ideal MIM electronic band structure are detailed.  
 
C.1 Surface States and its Influence on the MIM Band Structure 
 Surface states arise because the periodicity of the material terminates abruptly at the 
surface. The unsatisfied dangling bonds at the surface create a net dipole charge, which is very 
localized. This is particularly important in the insulator layers of MIM structures (typically 
oxide), which have bonding character, that is either ionic or covalent or a mixture of both.  In 
such material systems, the Schrodinger equation’s solution for surface states correspond to 
energy levels that exist within the forbidden gap. The resulting wave functions of such surface 
states are evanescent waves i.e., functions that decay exponentially with distance and hence are 
localized in space. The presence of surface states can significantly influence the resulting band 
diagram and hence the contact physics of the device. For more information refer the text book 
titled “Metal-Semiconductor Contacts” by E.H.Rhoderick, edited by P.Hammond and D. Walsh, 
Clarendon Press, Oxford, 1980. 
 
C.2 Other factors 
(a) Defect states in the insulator layer: Although a perfect insulator layer is preferred in an MIM 
structure, in practical situations depending on the deposition condition, defect states (n or p-type) 
exist within the forbidden gap. For example in Nb2O5, oxygen vacancies are a notable defect 
  
 
  146 
giving Nb2O5 n-type character. (b) Any interfacial reaction layer between the insulator and the 
metal electrode changes the band structure drastically. As shown in Chapter 4, it is hard to get an 
abrupt and non-reactive interface. 
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